DESIGN AND FABRICATION OF SULFONATED POLYMERIC MEMBRANES FOR WASTEWATER TREATMENT by LUO LIN
 DESIGN AND FABRICATION OF SULFONATED 




(B.Eng., Xi’an Jiaotong University) 
 
A THESIS SUBMITTED FOR THE DEGREE OF 
DOCTOR OF PHILOSOPHY 
 
NUS GRADUATE SCHOOL FOR INTEGRATIVE 
SCIENCES AND ENGINEERING 










I hereby declare that this thesis is my original work and it has been written by 
me in its entirety. I have duly acknowledged all the sources of information 
which have been used in the thesis.  
 
 

















First and foremost, I would like to express my sincere gratitude and utmost 
appreciation to my supervisor, Professor Chung Tai-Shung for his invaluable 
guidance and constructive advice throughout my PhD journey. His valuable 
research suggestions, patience and knowledge inspires me to overcome all the 
difficulties in the membrane research process. Besides, he is never hesitant in 
sharing knowledge and always guides me with his enthusiasm and passion 
towards a qualified researcher. 
 
I would like to thank my Thesis Advisory Committee (TAC) members, Prof. 
Zeng Hua Chun and Dr. Pallathadka Pramoda Kumari for their valuable 
suggestions and support during TAC meetings. In addition, I am appreciative of 
the generous support and advice from researchers and co-authors from BASF, 
namely, Dr. Martin Weber, Dr. Claudia Staudt, Dr. Christian Maletzko, Dr. 
Natalia Widjojo and Dr. Martin Jung. 
 
Special thanks are given to NUS Graduate School for Integrative Sciences and 
Engineering (NGS) department for providing the valuable opportunity and 
financial support for me to pursue a PhD degree in NUS. And I would like to 
thank all professors and staff members in NGS, all lab technologists and staff 
members in department of Chemical and Biomolecular Engineering, who help 




I would like to convey my appreciation to my mentors Dr. Wang Peng and Dr. 
Han Gang for providing me detailed guidance patiently, helpful assistance and 
selfless support. Besides, I would also like to extend my deepest appreciation to 
all group seniors, members and friends for their kind help and encouragement. 
Special thanks are given to Dr. Zhang Sui, Dr. Li Xue, Dr. Zhou Zhengzhong, 
Dr. Wang Kaiyu, Dr. Hua Dan, Dr. Hao Lin, Dr. Susilo Japip for their precious 
advice and help.   
 
I would also like to express my gratitude to BASF SE, Germany for funding this 
work with a grant number of R-279-000-363-597, and the Singapore National 
Research Foundation under its Competitive Research Program for the project 
entitled, “Advanced FO Membranes and Membrane Systems for Wastewater 
Treatment, Water Reuse and Seawater Desalination” (grant number: R-279-
000-336-281 and R-279-000-339-281). 
 
Finally, the warmest thanks must be given to my parents Ms. Yang Qin and Mr. 
Luo Zhiguo, my husband Mr. Fu Mengyao and our son little Mr. Fu, for the 
unconditional, everlasting love and support. Thanks for all the happiness and 
sadness we share, they help me to grow up; thanks for making my life this 










TABLE OF CONTENTS .................................................................................. iv 
SUMMARY ....................................................................................................... x 
LIST OF TABLES .......................................................................................... xiii 
LIST OF FIGURES ......................................................................................... xv 
LIST OF SYMBOLS AND ABBREVIATIONS ........................................... xxi 
Chapter 1 Introduction ....................................................................................... 1 
1.1 An overview of water treatment ............................................................... 1 
1.2 Membrane technology .............................................................................. 2 
1.3 Polymeric membrane development for water purification ....................... 7 
1.3.1 Membrane materials and types .......................................................... 7 
1.3.2 Membranes with better separation performance ............................... 9 
1.3.3 Membranes with a lower fouling tendency ..................................... 15 
1.3.4 Membranes with enhanced mechanical stability ............................. 20 
1.4 Sulfonated polymeric membranes .......................................................... 23 
1.4.1 Sulfonated materials ........................................................................ 23 
1.4.2 Membrane fabrication based on sulfonated materials ..................... 25 
1.4.3 Challenges ....................................................................................... 31 
v 
 
1.5 Research objectives and thesis organization .......................................... 33 
Reference ...................................................................................................... 38 
Chapter 2 Theoretical Background .................................................................. 53 
2.1 Pore-flow and solution-diffusion mechanisms ....................................... 53 
2.2 Mass transport in forward osmosis......................................................... 55 
2.3 “Resistance-in-series” model in ultrafiltration ....................................... 59 
References .................................................................................................... 62 
Chapter 3 Experimental ................................................................................... 64 
3.1 Materials ................................................................................................. 64 
3.1.1 Polymers .......................................................................................... 64 
3.1.2 Chemicals for TFC membranes and FO processes .......................... 65 
3.1.3 Solvents and other chemicals .......................................................... 65 
3.2 Dope solution characterizations ............................................................. 66 
3.2.1 Shear viscosity ................................................................................. 66 
3.2.2 Coagulation value ............................................................................ 66 
3.2.3 Visualization of phase inversion through a microscope .................. 67 
3.2.4 Phase inversion kinetics ................................................................... 67 
3.3 Membrane charaterizations .................................................................... 67 
3.3.1 Membrane morphologies ................................................................. 67 
3.3.2 X-ray photoelectron spectroscopy (XPS) ........................................ 68 
3.3.3 Surface water contact angles ........................................................... 68 
vi 
 
3.3.4 Zeta potential ................................................................................... 68 
3.3.5 Atomic force microscope (AFM) .................................................... 69 
3.3.6 Membrane porosity .......................................................................... 69 
3.3.7 Swelling ratio ................................................................................... 70 
3.3.8 Mechanical properties ...................................................................... 70 
3.3.9 Pure water permeability and pore size distributions ........................ 70 
3.4 Double-skinned FO membranes ............................................................. 73 
3.4.1 Fabrication of flat sheet single- or double-skinned FO membranes 73 
3.4.2 Forward osmosis tests ...................................................................... 74 
3.4.3 Mass transport characteristics of selective layers ............................ 77 
3.4.4 Boron detection................................................................................ 78 
3.5 TBF UF membranes ............................................................................... 78 
3.5.1 Spinneret design .............................................................................. 78 
3.5.2 Fabrication of tri-bore hollow fiber membranes.............................. 80 
3.5.3 Fabrication of TBF modules ............................................................ 82 
3.5.4 Preparation of oil/water emulsions .................................................. 83 
3.5.5 UF experiments for TBF UF membranes ........................................ 84 
3.5.6 Determination of critical and threshold fluxes of TBF UF membranes
 .................................................................................................................. 85 
3.5.7 Analysis of membrane resistances of TBF UF membranes ............ 86 




Chapter 4 Investigation of Double-skinned FO Membranes for Boric Acid 
Permeation ....................................................................................................... 93 
4.1 Introduction ............................................................................................ 93 
4.2 Modeling ................................................................................................ 95 
4.2.1 Internal concentration polarization (ICP) ........................................ 95 
4.2.2 Boron transport through double-skinned FO membranes ............... 96 
4.3 Results and discussion .......................................................................... 100 
4.3.1 As-fabricated FO membranes ........................................................ 100 
4.3.2 Experimental FO performance ...................................................... 103 
4.3.3 Theoretical and experimental boron flux ....................................... 104 
4.3.4 Modeling predictions ..................................................................... 110 
4.4 Conclusion ............................................................................................ 113 
Reference .................................................................................................... 113 
Chapter 5 TBF UF Membranes Fabrication and Their Application in Oil/Water 
Separation ...................................................................................................... 118 
5.1 Introduction .......................................................................................... 118 
5.1.1 Tri-bore hollow fiber membranes .................................................. 119 
5.1.2 Oily wastewater treatment via UF ................................................. 120 
5.1.3 Objectives ...................................................................................... 122 
5.2 Spinning studies of TBF UF membranes with triangle geometry ........ 123 
5.2.1 Morphologies of the developed hollow fibers ............................... 123 
5.2.1.1 Triangle shape tri-bore hollow fiber ........................................... 124 
viii 
 
5.3.1.2 Hypothesis verification on triangle geometry formation ............ 125 
5.2.1.3 Effect of spinning parameters ..................................................... 127 
5.2.2 Membrane Characteristics & UF performances ............................ 130 
5.2.3 Summary ........................................................................................ 132 
5.3 TBF UF membranes for oil/water separation ....................................... 133 
5.3.1 Characterizations of the TBF UF membranes ............................... 133 
5.3.2 Ultrafiltration performance ............................................................ 135 
5.3.2.1 Determination of critical and threshold fluxes ........................... 135 
5.3.2.2 Permeate flux decline and total membrane resistance ................ 138 
5.3.2.3 Analysis of membrane resistances .............................................. 139 
5.3.2.4 Effects of oil concentration and membrane rejection to emulsion
 ................................................................................................................ 141 
5.3.3 Summary ........................................................................................ 144 
5.4 Conclusion ............................................................................................ 145 
References .................................................................................................. 146 
Chapter 6 Effects of Molecular Interaction between sPPSU and HPEI Polymers 
on UF Membrane Formation ......................................................................... 154 
6.1 Introduction .......................................................................................... 154 
6.2 Results and discussion .......................................................................... 156 
6.2.1 Properties of HPEI/2.5sPPSU dope solutions ............................... 156 
6.2.2 Membrane morphology and phase inversion process .................... 159 
6.2.3 Properties of the HPEI/2.5sPPSU UF membranes ........................ 166 
ix 
 
6.2.3.1 Characterizations of membrane surfaces .................................... 166 
6.2.3.2 Membrane swelling properties ................................................... 169 
6.2.3.3 Ultrafiltration performance ......................................................... 170 
6.2.3.4 Mechanical properties ................................................................. 172 
6.3 Conclusion ............................................................................................ 173 
References .................................................................................................. 174 
Chapter 7 Conclusions and future work ......................................................... 179 
7.1 Conclusions .......................................................................................... 179 
7.2 Recommendation and future work ....................................................... 181 







The growing demands for clean water have attracted enormous interests from 
all over the world in the membrane-based water treatment technologies that can 
enable high-efficiency and low-fouling separation processes. To meet the 
challenge, polymeric material development and membrane design for various 
waste streams applications become critical research topics worldwide. The 
objectives of this dissertation are to design and develop polymeric membranes 
based on the unique properties of sulfonated materials, to reveal the membrane 
formation mechanism and structure-performance relationships, as well as to 
apply novel membrane configurations for improved membrane properties.   
 
In the first part of this work, direct copolymerized sulfonated 
polyphenylenesulfone (sPPSU) polymer was specially fabricated into double-
skinned membrane, with dual thin film composite selective skins for boron 
permeation study. Boron removal is one of the great challenges in modern 
wastewater treatment, owing to the unique small size and fast diffusion rate of 
neutral boric acid molecules. As forward osmosis (FO) membranes with a single 
selective layer are insufficient to reject boron, double-skinned FO membranes 
with boron rejection up to 83.9% were specially designed. By creatively 
combining the superior performance of sPPSU membrane and the special dual-
skin configuration, the FO operation of boron-contaminated feed stream 
demonstrated mitigated boron permeation and higher boron rejections. A further 
built-up of boron transport model allowed the accurate simulation of 
experimental separation results and theoretical predictions of enhanced 
performance based on ideal FO membranes.  
xi 
 
Furthermore, sPPSU polymers with different sulfonation degrees were 
incorporated with the mechanically enhanced tri-bore hollow fiber (TBF) 
configuration. With specially designed dual-layer tri-needle spinneret, sPPSU 
TBFs were fabricated into triangular shape, with improved water permeability 
and excellent mechanical strength. The sulfonation degree of PPSU not only 
plays a key role in forming a fully sponge-like structure, but also enhances 
membrane hydrophilicity. The separation performance and fouling behavior of 
the newly developed TBF membranes were systematically studied for oily 
wastewater separation. Resistance-in-series model was applied into the fouling 
analysis, indicating that polymer sulfonation played an important role in 
reducing the membrane fouling from static foulant adsorption and irreversible 
fouling. 
 
Despite of the unique advantages of sulfonated materials, as-fabricated 
sulfonated membranes are expected to have further improvements in swelling 
resistance, mechanical stability, and separation performance. Therefore, the 
concept of acid/base polymer blends was utilized and investigated for 
ultrafiltration (UF) membrane formation in the second part of this work. 
Acid/base polymer blends have been employed to fabricate membranes for fuel 
cell and pervaporation, but not yet for UF. Basic hyperbranched 
polyethyleneimine polymers and acidic sPPSU polymer were blended together 
as casting solutions. Then the fundamental of membrane formation mechanism 
from such blends via non-solvent induced phase inversion was systematically 
investigated, as well as their potential for UF. The molecular interaction 
between two polymers was found to be greatly influenced by the HPEI amount, 
xii 
 
leading to the change of phase inversion mechanism, polymer precipitation rate 
and membrane morphology. In addition, the as-prepared UF membranes 
demonstrated great variations in swelling ratio, surface charge, roughness, 
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Chapter 1 Introduction 
1.1 An overview of water treatment 
Potable water availability has been considered to be one of the most important 
problems confronting the 21st century. Today water shortage problem is 
affecting many countries in the world, it not only restricts the sustainability of 
economic growth, but also directly threatens the survival and wellbeing of 
human society [1, 2]. Water demand and consumption of the whole world are 
growing constantly as the world overall population increases and 
industrialization develops. However, the fresh water reservation on earth is 
limited. The total volume of water on Earth is estimated to be 1.386 billion km³, 
with 2.5% being fresh water, of which only 0.5% is in liquid form [3]. As a 
result, over one-third of the world’s population are facing clean water shortage 
[2], while the number is expected to climb to 3.5 billion by 2025 (Figure 1.1) 
[1]. In the areas of severe water shortage, agriculture is affected and famine 
frequently happens, where people suffer from hunger, disease and hence more 
severe social problems [4]. 
Figure 1.1 Spreading water shortages 
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The increasing water shortage problem has caught the attention of worldwide 
scientists, and more and more efforts are put into wastewater treatment and 
production of fresh water from alternative sources such as wastewater reclaim, 
groundwater and seawater desalination [3, 5, 6]. Water purification from non-
usable waste streams is one of the core challenges in various water recycling 
technologies. Conventional wastewater treatment methods include 
sedimentation, distillation and sand filtering, etc. In contrast, membrane-based 
technology is advantageous in low energy consumption, excellent separation 
efficiency and simple setup requirements. Therefore, since the last century, 
membrane separation methods have been widely adopted and making water 
purification more and more practical. 
 
1.2 Membrane technology 
Membrane processes in water purification, reuse, and recovery have been 
increasingly important as their energy costs are significantly lower than those 
of other processes. Compared to conventional technologies (such as distillation 
with phase change involved), membrane separation is more compact, energy 
efficient and cost effective. If there is a dominant technology for the future in 
the water/wastewater treatment industry, it is certainly the membrane 
technology [3, 7, 8].  
 
In a typical membrane separation process, an effective driving force such as 
concentration, temperature or pressure difference, is applied upon the feed 
mixture to achieve preferential transport of one or more components across the 
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membrane. The modern membrane industry began in the 1960s, when Loeb and 
Sourirajan invented the phase inversion method to manufacture asymmetric 
cellulose acetate membranes for seawater desalination. By the 1980s, 
microfiltration (MF), ultrafiltration (UF) and reverse osmosis (RO) processes 
were all established. From the late 1990s, treatment of the municipal wastewater 
by MF/UF became commercially available [9]. The utility of membranes in 
water treatment involves membranes classified by their pore size and separation 
capabilities, as illustrated in Figure 1.2. Starting with the porous MF membranes 
followed by UF, nanofiltration (NF), and then dense RO membranes, in the 
descending order of their pore size. Regarding the applications, MF removes 
large particles such as bacteria from the feed and UF is able to separate most 
virus from water, both processes can be integrated with bioreactors to form 
membrane bioreactors, while NF can remove dyes, pharmaceuticals and 
divalent ions and RO is applied for desalination.  
 
Figure 1.2 An illustration of the pressure-driven membrane separation 
processes 
Among them, ultrafiltration (UF) is a typically low-pressure driven membrane 
separation process. The pressure differential across the membrane works as the 
driving force for fluid transport, which forces the small solutes and suspending 
fluid to pass through the membrane where they are collected as permeate; 
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whereas retained large molecules are considered as retentate [10]. UF 
membranes are characterized by pore sizes in the range of 1 ~100 nm, the typical 
operating pressures are in the range of 0.2 ~ 6 bar [10, 11]. The basic separation 
mechanism UF is molecular sieving (size exclusion) based on porous 
membranes with fine pores. Flux and rejection are two most important 
performance parameters for UF membranes. Flux is defined as the permeated 
volume across the membrane per unit time per unit membrane area: higher flux 
usually brings lower initial investment and operating costs [12]. Then rejection 
is a measure of membrane’s separation capabilities, which can be expressed as 
nominal molecular weight cut-off (MWCO). MWCO is defined as the 
molecular weight of a test solute which is 90% rejected by the membrane under 
standard conditions [10, 12]. UF processes have been developed to deal with 
process water, oily wastewater, wash water from printing process, and laundry 
wastewaters, etc.  
 
In additional to the relatively mature membrane separation processes, the 
research in forward osmosis (FO) has been showing significant progress during 
the past decade. Osmosis is a physical phenomenon, where two solutions of 
different concentrations are separated by a semipermeable membrane, i.e., 
permeable to the solvent but impermeable to the solute, water flows naturally 
from the high chemical potential side to the lower side until an equilibrium is 
reached. The increased volume of water in the low chemical potential side 
builds up a hydrodynamic pressure difference, which is called the osmotic 
pressure difference Δπ. By utilizing a high concentration solution as the draw 
solution and a low concentration as the feed, effective separation of water from 
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the feed can be achieved across the membrane. This process is termed as 
forward osmosis [13-16]. The driving force in FO is the osmotic pressure 
difference, which is different from the conventional RO process, where a 
hydraulic pressure higher than the osmotic pressure of the feed is applied, and 
water is pressed out of the feed and collected as the permeate. A comparison of 
the osmosis processes is illustrated in Figure 1.3 [17]. In a typical FO process, 
there are three major components: 1) a draw solution possessing a high osmotic 
pressure, 2) a feed solution having a lower osmotic pressure and 3) a semi-
permeable membrane as the barrier between the two solutions. Depending on 
the applications, the pore size of FO membranes may vary from dense RO types 
to loose NF types. 
 
Figure 1.3 A comparison of different osmosis processes 
Water flux and reverse solute flux are two important parameters of a FO 
membrane, where the water flux is characterized as the amount of water 
permeating through a certain membrane surface area over a certain duration, 
while reverse solute flux is the amount of back-diffused draw solute during the 
process. As most FO membranes are asymmetric, two operation modes are 
applied in FO operations, namely active layer facing the draw solution mode 
(AL-DS) and active layer facing the feed solution mode (AL-FS). Compared 
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with traditional pressure-driven processes, FO has a main separation mechanism 
of solution-diffusion, and it features a few advantages: (1) direct applications in 
the dilution of concentrated solutions such as juices and sucrose; (2) mild 
operation conditions for pressure-sensitive solutes; (3) possible combination 
with membrane distillation and others for draw solution recovery and water 
production, and (4) high rejections towards a wide range of molecules. It can 
have wide applications in various fields, e.g., desalination, agricultural 
irrigation, protein concentration, oil water separation, wastewater treatment and 
many others [18-23]. 
 
The increasing demand for water purification represents a growing opportunity 
for membrane technology development. To meet new challenges, water 
industry requires better membranes, which are desired to have competitive flux, 
high selectivity, sufficient long-term stability, and be less prone to various types 
of fouling. Also, membranes suitable for specific applications in high 
temperature environment or organic media are still rare. In addition, it is likely 
that limitations in mass transfer and fluid mechanics will define the ideal 
characteristics or upper bounds of membrane performance, but advances in 
material science and novel chemistries are leading to increasingly efficient 
membranes. In following sections, a comprehensive literature review about 
water purification membranes development is presented, mainly focusing on 
three key attributes: membranes with better separation performance, 
membranes with a lower fouling tendency and membranes with enhanced 
mechanical stability.  
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1.3 Polymeric membrane development for water purification 
1.3.1 Membrane materials and types 
The majority of commercially available membranes are made from the group of 
organic polymers consisting of cellulose acetate (CA), polyacrylonitrile (PAN), 
polyetherimides, aromatic polyamide (PA), polysulfone (PSf), polyethersulfone 
(PES), polyvinylidene fluoride (PVDF), polypropylene (PP), 
polybenzimidazole (PBI), etc. They are relatively low-priced, easy to 
manufacture and widely used in various industries. In recent years, the synthesis 
of novel polymers, the surface functionalization of established membranes, the 
in-situ synthesis of polymers as membranes barriers introduce more materials 
into the field of membranes development, bringing about a wider variation in 
membrane structure and functions [24]. 
 
Depending on the molecular homogeneity, membranes can be classified as 
isotropic or anisotropic ones, their structures are illustrated in Figure 1.4 (a). 
Dense isotropic films are seldom used for water purification due to the high 
resistance of water transport across the thick films. In comparison, anisotropic 
membranes consist of a thin selective layer and a thick porous support, which 
reduces the transport resistance from the barrier layer and provides reasonable 
mechanical stability. They have been developed by various fabrication methods, 
formed in a single or multi-step operation. Temperature- or nonsolvent-induced 
phase inversion methods are two typical ways to produce such structures in a 
single operation. While separate preparation of the support and then the 
selective layer allows the independent control of the two layers to form 




Figure 1.4 Schematics of (a) isotropic and anisotropic membranes and (b) flat 
sheet and hollow fiber membranes  
Depending on the membrane configuration, membranes can also be classified 
as flat sheet membrane or hollow fiber (HF) membrane, as demonstrated in 
Figure 1.4 (b). Compared to flat sheet membrane, the HF configuration is more 
preferable under some cases due to its self-support nature, easy module 
fabrication and high packing density. Different membrane configurations could 
be obtained from different fabrication methods. Usually the knife casting of a 
polymeric solution on a substrate, such as glass plate, Teflon plate, non-woven 
or woven fabrics, produces a flat sheet membrane, while the utilization of a 
spinning line is necessary to fabricate a hollow fiber membrane. As illustrated 
in Figure 1.5 [7], a typical hollow fiber spinning line mainly consists of a pump, 
filter, spinneret, bore fluid, coagulation bath, collection drum [25]. And key 
spinning parameters affecting as-fabricated HFs include dope solution formula, 
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bore fluid composition, spinneret dimension, flow rates of dope and bore fluid 
solutions, air gas distance, spinning temperature, coagulant, and take-up speed, 
etc.  
 
Figure 1.5 Illustration of a typical hollow fiber spinning process 
 
1.3.2 Membranes with better separation performance 
The exploration and development of membranes with better separation 
properties are one enduring research topic. When dealing with a certain feed, a 
higher permeate flux or a better solute rejection usually could help save the 
energy or reduce the capital cost. Useful strategies to increase membrane water 
permeability include porosity increase, pore size enlargement, membrane 
thickness reduction, material hydrophilicity improvement, etc. However, 
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usually the water permeability and membrane pore size has a trade-off 
relationship, making pore size enlargement less likely adopted.  
 
A good example of membrane porosity increase to improve membrane 
permeability is electrospun nanofibrous membranes. Fabricated by 
electrospinning, the fabrics are highly porous, having a large interconnected 
void volume in the range of 50% to even greater than 90% with superior surface-
to-volume ratios [26, 27]. Filtration membranes fabricated from electrospun 
PVDF or PES nanofibers exhibited high pure water permeability (PWP) of 
thousands of L h-1 m2 bar-1 (or LMH/bar) [28, 29] due to their large pore size 
and high porosity. The top coating of chitosan layer on the nanofibrous 
membrane exhibited a three-tier sandwich structure, and further narrowed down 
the pore size for tight ultrafiltration application [27]. However, weak 
mechanical strength and possible reduction in porosity in the long run are main 
concerns of the electrospun nanofibrous membranes. 
 
In terms of free-standing polymeric membranes, hollow fiber membranes are 
widely utilized and developed for pressure-driven separation processes. To 
achieve better separation HF membranes, the spinning parameters during UF 
HF fabrications were well studied in the early days: a higher dope flow rate 
(shear rate) in the spinneret resulted in a PES UF HF membrane with a smaller 
pore size and a denser skin due to a greater molecular orientation, thus a lower 
dope flow rate tends to produce higher flux but lower rejection UF membranes 
[30]; it was also found that there was a critical value of shear rate, below which 
the separation performance of fibers increased obviously while flux decreased 
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dramatically, but above it the separation decreased slightly while the flux did 
not change, so the critical shear rate became important to maximize the 
production efficiency of PES UF membranes [31]; air gap has an important 
influence on the shear-induced orientation in UF HF formation: the dry-jet wet 
spun fiber had a larger pore size or a loosed skin than the wet spun fiber, based 
on which a PES UF HF membrane with high flux of 1220 LMH/bar can be 
prepared [32]; compared with traditional 90˚ straight spinneret, 60˚ conic 
spinneret fabricated PES UF HF membranes with smaller mean pore sizes with 
larger geometric standard [33].  
 
To tender membranes hydrophilic, polyvinyl pyrrolidone (PVP) is usually 
blended with other polymers in the dope solution, but the water-induced 
swelling of PVP in the pores always results in low flux of UF HF membranes. 
Qin, et al. employed hypochlorite aqueous solution to remove the embedded 
PVP in PSf UF HF membranes spun from PVP and PVDF blends dope [34]. As 
a result, a PSf UF membrane with a high flux of 760 LMH/bar could be obtained. 
Further, a lower critical solution temperature dope based on PES and PVP 
blends was prepared close to its cloud point, leading to a UF membrane of a thin 
skin with high flux. Followed by hypochlorite treatment, the PES UF HF 
membrane exhibited a ultrahigh water flux of 1565 LMH/bar [35]. Amphiphilic 
Pluronic block copolymers (from BASF) have been blended with PVDF to 
prepare UF HF membranes. With increased Pluronic concentration, the HFs 




Different from pore flow membranes, FO membranes based on the solution-
diffusion mechanism are desired to have maximized water flux and minimized 
reverse solute flux. Accordingly, FO membranes must be designed with the 
following characteristics: (1) a thin and dense selective layer to reject the solutes 
in both the draw and feed solutions; (2) a thin and highly porous support layer 
to minimize the internal concentration polarization (ICP) effects.  
 
In terms of the thin and selective dense layer, membrane selectivity may differ 
depending on solution compositions and applications. When sodium chloride is 
involved, the dense layer should resemble RO membranes with a very small 
pore size of around 0.3 Å. So far limited materials are used in this category, 
mainly including CA / CTA and crosslinked polyamide formed by interfacial 
polymerization. On the other hand, if the solutions consist of larger molecules, 
a looser structure in the selective layer is acceptable as long as the solutes can 
be effectively rejected. Some materials have been utilized for such purposes, 
e.g., PBI, crosslinked polyamide-imide (PAI) and layer-by-layer (LbL) 
polyelectrolytes. 
 
The structure of the most frequently used cellulose esters and crosslinked 
polyamide of thin film composite (TFC) membranes can be found in Figure 1.6. 
By tuning the content of various functional groups in the cellulose ester, the FO 
performance of the resultant membranes can change significantly [37-39]. FO 
membranes made from cellulose esters with a very high hydroxyl content tend 
to have high water and solute permeability. A moderate content of hydroxyl and 
propionyl or butyryl groups is preferred to achieve a reasonable FO water flux 
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and solute rejection. Considering the good permeation properties and relative 
hydrophobicity of cellulose acetate propionate (CAP) polymers, dual layer 
hollow fibers made of thin CAP selective skin layer on a porous CA layer were 
produced and demonstrated high performance in the FO process [40].  
 
Figure 1.6 Chemical structures of cellulose esters and crosslinked polyamide 
The selective layer of TFC FO membranes is formed by in-situ interfacial 
polymerization of two monomer solutions on top of a porous support. The two 
monomers include one polyfunctional amine in the aqueous solution and one 
polyfunctional acyl chloride in an apolar organic solvent. Typically, m-
phenylenediamine (MPD) in water and trimesoyl chloride (TMC) in hexane are 
used (Figure 1.6). Due to the immiscibility of two solutions, the reaction 
between two monomers only takes place at the organic phase near the interface, 
leading to the formation of a thin dense polyamide layer on the top of the support. 
Figure 1.7 demonstrates the typical ridge-and-valley structure of aromatic 
polyamide layer on a membrane support [41]. Compared to cellulose ester 
materials, the crosslinked polyamide produces a higher intrinsic water 
permeability and a comparable salt rejection, but its chlorine and fouling 




Figure 1.7 FESEM images of aromatic polyamide layer on a membrane 
support 
Regarding the second characteristic of a desired FO membrane, a thin, highly 
porous and hydrophilic support layer is preferred to minimize the ICP effect. In 
general, relatively hydrophilic materials are chosen to construct the support, 
such as PES, sulfonated polymers, cellulose derivatives, PAN, etc. Early studies 
based on PSf and PES indicated that the support layer structure comprising a 
thin sponge-like layer adhering on top of a highly porous macrovoids was 
preferred to reduce the transport resistance [42, 43]. More recently, a different 
view appeared, stating that a fully sponge-like macrovoid-free and hydrophilic 
support may provide TFC FO membranes with better balance between FO 
performance and mechanical properties [44-46]. Several methods were 
combined to produce the desirable structure, including the addition of pore-
forming agent, such as polyethylene glycol 400, and non-solvent, such as water, 
and the flowing of a solvent at the outer channel of the spinneret. High 
hydrophilicity is also needed to improve the wetting properties in the support 
[45], hydrophilic polymers, such as cellulose esters and sulfonated polymers 
were studied [44, 47]. Additionally, hydrophilic modifications by 
polydopamine were conducted to the membrane support [48], which not only 
reduced the ICP effect but also improved the formation of the thin film layer. 
Moreover, the nanofiber support with high porosity and low tortuosity 
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characteristics by means of the electrospinning technique has also been applied 
into FO membrane formation with remarkably reduced ICP [49].  
 
1.3.3 Membranes with a lower fouling tendency 
In terms of long-term membrane operations, membrane fouling remains a major 
challenge. Fouling not only increases the frequency of membrane cleaning and 
energy expenditure but also potentially requires large membrane area or 
frequent membrane replacement to maintain the productivity. But, 
hydrophilicity usually renders membranes less prone to fouling and easier to 
clean. Currently, membranes are made relatively hydrophilic, with contact 
angles of 60 ~ 80˚ while <30˚ is more desirable [8]. Theoretically, membrane 
properties only determine the short term permeate flux by altering the 
membrane-foulant interaction, while long-term fouling behaviors are controlled 
by foulant-deposited-foulant interactions [8, 50]. But it remains an important 
goal for membrane development to fabricate membranes with a lower fouling 
tendency.  
 
The fouling conditions within a filtration system are determined by a set of 
operational parameters, including permeate flux, filtration modes, pressure, feed 
quality, membrane properties (hydrophilicity, roughness, pore size, charge), etc. 
Among membrane property optimizations, hydrophilicity increase is a most 
common method to reduce fouling. Theoretically, hydrophilic membranes tend 
to bind a thin layer of water molecules on the surface, hindering the adhesion of 
hydrophobic foulants. Bases on this, countless researches (Table 1.1) [5] are 
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conducted on membrane material, polymer blends and surface modifications to 
fabricate low-fouling filtration membranes.  
Table 1.1 Methods for surface modification of polymeric membranes 
 
Using hydrophilic material is a direct method to fabricate a membrane with 
hydrophilicity. However, too hydrophilic materials may have problems in 
membrane formation. The water-induced swelling causes delayed demixing in 
phase inversion, resulting in low-flux pristine membranes and poor mechanical 
strength. An alternative method is blending hydrophilic polymers into 
polymeric membrane matrix, such as hydrophilic PVP and polyethylene glycol 
(PEG) polymers. In Zhu et al.’s work, by esterifying P(VDF-co-CTFE-g-
PMAA) with perfluoroalkyl PEG surfactant or PEG, additive polymers changed 
the membrane surface properties to a water contact angle of 26˚ and an oil 
contact angle of 74˚. Experimental results from filtration of protein, bacteria and 
oil/water emulsion confirmed that this membrane had enhanced water flux and 
reduced fouling performance (shown as slow flux decay and high flux recovery) 
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[51]. Moreover, physically coating a thin layer onto the membrane surface helps 
to increase/decrease the surface energy, or tailor the surface hydrophilicity, 
charge, roughness. Hydrophilic polydopamine (PDA) and PDA-g-PEG were 
coated on PSf UF membranes, which exhibited good biofouling control in the 
short term studies [52]. Similarly, chitosan polymer was coated on the surface 
of PVDF electrospun nanofibrous membranes. Coated membranes displayed 
lower water flux, reduced pore size but increased hydrophilicity, less flux 
reduce ratio and better recovery ratio during protein filtration [53]. However, 
the long-term stability of physical coating is a problem.  
 
In terms of chemical modification or grafting, membranes are treated with 
modifying reagents to introduce functional groups on the surface of membrane 
(or via radical reactions) [54]. This method could provide the membrane with a 
better long-term stability, but limited to certain reaction-allowed surfaces. A 
novel electrophoresis-UV grafting method was applied to modify PES UF 
membranes to treat surface water from a natural reservoir. Polyelectrolytes such 
as methacrylic acid, acrylic acid were grafted onto the membrane surface, 
making the membrane exhibit lower natural organic matter fouling, due to their 
hydrophilic and negative charge character [55]. Moreover, poly(sulfobetaine 
methacrylate) [poly(SBMA)], a zwitterionic polymer, was successfully tethered 
in high density onto PP membrane surface through UV-induced surface graft 
polymerization followed by surface-initiated atom transfer radical 
polymerization (ATRP). The surface hydrophilicity of the PP membrane was 
significantly improved with a water contact angle of 17.4°. Protein solution 
filtration results demonstrated that the extent of fouling was significantly 
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reduced and most of the fouling on the modified PP membrane surface was 
reversible [56].  
 
Nevertheless, inorganic materials became an effective additive in improving 
membrane antifouling properties. Graphene oxide (GO)-imbedded 
nanocomposite sPPSU UF HF membranes were developed via using 1-
Methylnicotinamide chloride (MNA) to bridge GO and polymers. During 
oil/water separation, the addition of MNA and GO resulted in substantial 
reductions in reversible, irreversible and adsorption-induced resistances as well 
as flux drop, indicating less fouling tendency [57]. To reduce membrane 
biofouling, silver nanoparticle/multiwalled carbon nanotubes (Ag/MWNTs) 
were coated on a PAN UF HF membrane, Ag/MWNTs/PAN. During a 20h 
filtration of E.coli feed water, the relative flux drop over Ag/MWNTs/PAN was 
only 6%, significantly lower than that (55%) of the pristine PAN membranes. 
The presence of the Ag/MWNT disinfection layer effectively inhibited the 
growth of bacteria in the filtration module and prevented the formation of 
biofilm on the surface of the membrane [58]. In addition, TiO2 was widely 
studied for fabricating low-fouling membranes with simultaneous 
photocatalytic degradation of pollutants. For example, a novel GO–TiO2 
microsphere hierarchical membrane was fabricated through assembling GO–
TiO2 microsphere composite on the surface of CA filtration membranes. As a 
result, this novel membrane showed sustainably high permeate flux, high 




In terms of FO membranes, the fouling mechanism is found to be different from 
filtration membranes, and thus different anti-fouling strategies are developed. 
Due to the existence of a porous support in the membranes, foulants from the 
feed solution may easily block the pores and reduce the water flux in the AL-
DS mode where the draw solution faces the dense selective layer; similarly, in 
the AL-FS mode where the feed solution faces the dense selective layer, viscous 
draw solutes may also experience hindered diffusion and pore blockage, thus 
decreasing the membrane performance as a combined result of ICP and fouling 
issues. Thus, a concept of double selective FO membranes is developed to 
prevent the fouling and pore blockage on the support layer. Figure 1.8 illustrates 
a comparison of the anti-fouling behaviors of the double- and single-skin 
membranes. 
 
Figure 1.8 Comparison of the anti-fouling behaviors of (left) double- and 
(right) single-skin membranes in the AL-DS mode 
Wang et al. was the first to develop double-skin membranes for FO [60] by 
means of phase inversion of cellulose acetate (CA) solutions cast on glass plates. 
While Zhang et al. found that by controlling the polymer and substrate affinity 
during the casting of flat sheet membranes, a dense selective layer could be 
formed at the polymer-substrate interface, and a second looser skin layer at the 
polymer-air interface demonstrated low and reversible fouling towards modeled 
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nanoparticle foulants [37, 61]. The concept of double selective FO membranes 
further extends to form double selective FO hollow fibers [62] and double 
selective FO flat-sheet membranes consisting of two TFC layers [63]. Dual 
selective hollow fiber membranes consisting of dense RO-like and slightly 
looser NF-like selective layers are reported to have improved anti-fouling 
behaviors [64]. Besides, dual selective flat sheet membranes based on LbL 
techniques were produced by Qi et al. [65], where good anti-fouling 
performance was observed by using Dextran (Mw ~7 200 - 300 kDa) and 
alginate acid sodium salt (Mw ~ 12 - 80 kDa) as the model foulants. In a more 
recent work, sulfonated materials were coating on the other surface of a TFC 
membrane to resist the severe fouling by emulsified oils [66]. These double-
skinned FO membranes have shown mitigated ICP [65, 67] and better fouling 
resistance [61, 66] than single-selective FO membranes. 
 
The two skins in a double selective membrane can be designed with different 
selectivity by altering the preparation methods, which provides a good 
opportunity to tune the membrane structure for specific applications. Depending 
on the feed sources, foulants may have different size and electrochemical 
characteristics. By carefully designing double-skin membranes with different 
surfaces on each side, one can maximize the water flux and minimize the fouling 
effects in specific FO applications. 
 
1.3.4 Membranes with enhanced mechanical stability 
During water purification, membranes are desired to have good mechanical 
strength and thus stable separation performance in the long run. Particularly in 
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some processes, membranes are subject to backwash and induced movement, 
such as bubbling and vibrations. Compared with flat sheet membranes 
fabricated on woven or non-woven fabrics, free-standing hollow fiber 
membranes are designed to have no support and more vulnerable to fiber 
breakage under vigorous movement. 
 
Free standing polymeric membranes with the hollow fiber configuration have 
been widely used in various separation processes in the past decades because 
this configuration has the advantages of high surface area, self-mechanical 
support, excellent flexibility and ease of handling during module fabrication [25, 
68]. The traditional hollow fiber membrane has a single-bore geometry [69-74]. 
However, there are increasing concerns about long-term stability and potting 
durability of the modules made from traditional single-bore hollow fibers. Fine 
hollow fibers also break and entangle with one another during continuous 
operations, especially under shaking, aeration, backwash or mechanical 
cleaning [75, 76]. The clogging and breakage of fine UF membranes have 
become the major difficulties in daily operation of membrane bioreactors (MBR) 
[77]. Also, the capillary phenomenon which sucks epoxy into the membrane 
module often happens during the module potting [70, 72, 78, 79]. 
 
In recent years, a new-generation of hollow fiber membranes with multi-bore 
configurations were developed which shows potential to overcome the 
drawbacks of conventional single-bore hollow fibers. Compared with the 
single-bore fiber, the unique structure of multi-bore hollow fiber (MBF) 
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membranes dramatically improves tensile rigidity in both axial and radial 
directions [80]. The first commercial product to adopt this configuration is a 
seven-bore UF hollow fiber membrane named Multibore®, which was 
fabricated using a special modified poly-ether-sulfone material by inge GmbH 
(part of BASF). The outer diameter of the Multibore® membrane ranges from 4 
mm to 6 mm, while the inner surface is the selective layer for all models (Figure 
1.9 (a)) [81]. With seven inner bores and a round-shape configuration, this 
membrane exhibits improved operation stability and reduced fiber breakage. 
Later, Bu-Rashid and Czolkoss carried out a series of pilot plant studies to 
evaluate the feasibility of this membrane as the pre-treatment for seawater 
reverse osmosis desalination [80]. Very promising results were obtained as 
compared with that of single-bore UF membrane. When tested using the feed 
solution with high fouling potential, the MBF membrane still showed high 
mechanical stability and good performance over a long testing period and 
frequent back flushing. 
 
Figure 1.9 Cross-section images of (a) seven-bore, (b) tri-bore, (c) rectangular 
seven-bore and (d) transitional single-bore UF membranes 
Moreover, the tri-bore hollow fiber (TBF) UF membranes, named as Kristal® 
(Figure 1.9 (b)), were commercialized by Hyflux and applied for seawater 
pretreatment. Fabricated from PES or PVDF, Kristal® UF membranes were 
believed to have an enhanced flux, improved system recovery and low fouling 
tendency [82]. Besides, novel rectangular seven-bore UF HF membranes based 
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on PAN were also developed (Figure 1.9 (c)), as a hybrid of flat sheet 
membranes and hollow fibers [83]. Other groups also published related works 
with multi-bore membranes fabricated from the ethylene vinyl alcohol 
copolymer or PES polymer [84, 85] for applications including NF and UF. 
 
1.4 Sulfonated polymeric membranes 
1.4.1 Sulfonated materials 
Most polymers with stable backbones exhibiting excellent chemical and 
mechanical stabilities are intrinsically hydrophobic and have low water 
permeability. A successful approach for improving their water permeability is 
to attach hydrophilic ionic groups, e.g., sulfonate moieties, onto the polymer.  
In early studies, the aromatic polymers with phenylene backbones worked as 
one main group of starting materials for sulfonation and were widely 
investigated for polymer electrolyte membrane for fuel cells (PEMFC) [86]. 
Among them, the most popular studied systems include sulfonation of PSf, PES 
or polyetheretherketone (PEEK), etc. [87]. 
 
Gradually, sulfonated aromatic polymers, such as sulfonated polysulfone (sPSf), 
sulfonated polyethersulfone (sPES), sulfonated polyetheretherketone (sPEEK) 
and sulfonated polyphenylenesulfone (sPPSU), become well known in the 
community of polymer electrolytes, membrane filtration, forward osmosis and 
desalination [14, 88-95]. Figure 1.10 illustrates the chemical structures of as-
mentioned materials. Determined by the sulfonation process, sulfonate groups 
could appear at different positions of the polymer backbone and in different 
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numbers. Compared with conventional membrane materials, sulfonated 
polymers exhibit unique properties such as superior hydrophilicity, high charge 
density, selective ion transport and good tolerance to chlorine [89, 94].  
 
Figure 1.10 Chemical structures of sulfonated aromatic polymers 
 
To introduce charged sulfonate units (-SO3-) into the polymer structure, the 
sulfonation reaction can take place at the monomer before polymerization (pre-
sulfonation) or at the finished polymer (post-sulfonation). As a result, the degree 
of sulfonation and the properties of sulfonated polymers could be different. 
Typically, post-sulfonation of polymers is conducted by chemical modifications 
in several ways: (a) by directly sulfonating polymers in concentrated sulfuric 
acid, chlorosulfonic acid, sulfur trioxide, or its complex with tri-ethyl-phosphate 
[96-98]; (b) by chemically grafting a group containing sulfonic acid groups onto 
a polymer chain [99]; (c) by lithiation-sulfonation-oxidation [87], etc. Until 
recently, most sulfonated polysulfone membranes were made from materials 
synthesized by post-polymerization sulfonation. Although this sulfonation 
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method can be easily achieved, the harsh reaction conditions cause undesirable 
polymer degradation and side reactions such as chain scission, crosslinking and 
branching [89]. In addition, the difficulties of precise control of the sulfonation 
degree and sulfonation positions become critical issues to fabricate reproducible 
membranes [45, 91]. These problems motivate the further development of direct 
copolymerization method. As demonstrated in Figure 1.11, a direct 
copolymerization route is developed by McGrath et al. to prepare wholly 
aromatic sulfonated poly(arylene ether sulfone)s based on the monomer 3,3’-
disulonate-4,4’-dichlorodiphenyl sulfone (sDCDPS) [3, 45]. With possible side 
reations eliminated and precise control of the ionic group concentrtion in the 
final polymer, direct copolymerization has made considerable progress for ion 
exchange and water purification applications by preparing better sulfonated 
materials. 
 
Figure 1.11 Direct copolymerization of sPPSU by utilizing sDCDPS monomer 
 
1.4.2 Membrane fabrication based on sulfonated materials 
The availability of post-sulfonated polymers has facilitated the rapid 
exploration of new membranes for water treatment applications. Blanco et al. 
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prepared sulfonated polyethersulfone Cardo by post-sulfonation of concentrated 
sulfuric acid on the polymer [100]. By controlling the reaction temperature and 
time, polymers with relatively low sulfonation degrees were insoluble in water 
while being hydrophilic to prepare asymmetric filtration membranes [101].  
However, it is worth noting that highly sulfonated polymers usually have high 
water swelling ratios and readily compromise their mechanical strength, due to 
the slow precipitation and solidification rates in water during the membrane 
formation [97, 100]. Much efforts have been devoted to improve the mechanical 
property and morphological stability of sulfonated membranes.  
 
Blending of sulfonated and non-sulfonated polymers is a common strategy of 
rendering membranes hydrophilic, without sacrificing the membrane 
mechanical strength. Rahimpour et al. blended sPES with PES polymer to 
improve the membrane hydrophilicity [102]. With increasing sPES content 
from 0 to 100%, the contact angle of blended membrane decreased, the 
membrane pore size increased from nanopores to micropores and the PWP 
jumped from ~490 to ~1800 kg/m2 h at 50psi. The strong hydrophilicity of 
sulfonic acid polar group was considered as the main reason behind. Similarly, 
Bowen et al. found the addition of small amounts of sPEEK polymer can have 
critical and systematic beneficial influences on the properties of as-fabricated 
PSf/sPEEK membranes [103], such as water fluxes increase, solute rejection 
rate increase. Then the membrane was investigated for humic acid removal from 
a model water [93], where the PSf/sPEEK membrane exhibited excellent 
retention and high water fluxes, as well as low fouling properties. Furthermore, 
the same sPEEK polymer was blended with polyetherimide to improve the 
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hydrophilicity and permeability of the membrane [104]. In a more recent work, 
sPES polymers with different sulfonation degrees were blended with 
polyvinylbutyral [105]. With increasing sPES sulfonation degree, the blended 
membranes became more hydrophilic with increased pure water flux, decreased 
solute rejection, and improved fouling resistance to bovine serum albumin 
(BSA) protein solution. In addition, dual layer HF membrane was designed and 
developed by Li et al, where highly sulfonated sPES acted as the charged outer 
selective layer with strong PES inner support layer. With surface contact angle 
reduced to 50.1˚, the highly charged membrane can separate BSA from 
hemoglobin /BSA mixture with a high separation factor of 10 [97]. 
 
Moreover, membrane substrates made of sulfonated and non-sulfoanted 
polymers blends have been utilized as the supports to fabricate thin-film 
composite membranes. Wang et al. fabricated hydrophilic membrane substrates 
based on the polymer blend of PES and sPSf, on which a thin aromatic 
polyamide selective layer of 150 nm in thickness was fabricated based on 
interfacial polymerization of MPD and TMC monomers [106]. Under FO tests, 
this novel membrane achieved a high performance with a water flux of 69.8 
LMH against DI water and 5 M NaCl draw solution under AL-DS mode. 
Similarly, Widjojo et al. developed TFC FO membranes based on substrates 
from sulfonated copolymer (PES-co-sPPSU 11 with a sulfonation degree of 11 
wt. %) and PES blends [107]. High concentration (50%) of sulfonated material 
in the polymer blends played the key role to create macrovoid-free structure and 
induce hydrophilic properties with enhanced water fluxes and reduced ICP 
effect. On the other hand, due to their excellent chlorine resistance, sulfonated 
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materials have also been widely applied as coating materials for high-pressure 
driven separation processes. Sulfonated brominated poly (2,6-dimethyl-1,4-
phenylene oxide) was synthesized and coated on the top of commercial PES 
substrate for NF applications [96]. Sulfonated PSf based TFC membranes were 
prepared by solution coating sulfonated materials onto porous PSf support and 
thermal curing at 100~140 C. As-fabricated membranes have shown excellent 
chlorine resistance, high flux, and good antifouling behavior but unstable salt 
rejection when feed water contained high salinity or divalent cations [3].  
 
More recently, the development of direct copolymerization method (Figure 1.11) 
makes it possible to better control the sulfonation position and sulfonation 
degree in the resulting copolymer. Based on the advanced technology, 
membranes have been prepared from direct copolymerized sulfonated materials 
without blending and evaluated as potential water purification membranes. 
High-performance and antifouling sPPSU UF membranes have been fabricated 
with controlled sulfonation degrees by BASF and Liu et al. [108, 109]. Liu et 
al. utilized the direct copolymerization method to develop sPPSU random 
copolymer with the sulfoantion degree varying from 0 to 20 % [108]. With 
improved membrane hydrophilicity and surface charge properteis, as-prepared 
sPPSU membranes showed higher flux recovery ratio and lower extent of 
membrane fouling, especially irreversible membrane fouling, with the increase 
of sulfoantion degree. While in one patent filed by BASF, Germany, sPPSU 
polymers were synthesized by controlling the monoer concentrations. As 
illustrated in Figure 1.12 [45], as-fabricated sPPSU membranes (with 2.5 or 5 % 
sDCDPS) exhibited fully sponge-like structure, higher porosity, relatively lower 
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water permeability and reduced pore size when compared to non-sulfoanted 
PPSU membranes. A high PWP of 846 LMH/bar was achieved with sPPSU 
(2.5 % sDCDPS) UF membranes with a MWCO of 195 KDa [109].  
 
Figure 1.12 Typical morphology of UF membrane from: (a) PPSU; (b) 
sPPSU-2,5; and (c) sPPSU-5. 
Then membrane substrates made of direct copolymerized sulfonated materials 
have also been utilized as the supports to fabricate thin-film composite forward 
osmosis membranes with excellent water fluxes and low fouling tendency for 
water treatment [44, 45, 110]. As-mentioned sPPSU polymers synthesized by 
BASF were further developed into TFC membranes as supporting layers by 
Widjojo, et al. for FO applications [45]. Compared with non-sulfonated PPSU 
TFC membrane, those made of hydrophilic sPPSU (2.5 mol% sDCDPS) can 
achieve a 4.4-fold increment on water flux up to 54 LMH under the AL-DS 
mode using 2 M NaCl as draw solution. Furthermore, the structural parameter 
indicated remarkably decreased ICP effect with an increase in sulfonated 
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material contents in membrane substrates. Then Zhong et al. fabricated TFC HF 
membranes based on lower sulfonation degree sPPSU polymers (1.5 or 2.5 
mol %) for FO applications [44]. The sPPSU polymer with a sulfonation degree 
of 1.5 mol % demonstrated an extremely high water flux of 82.0 LMH against 
a pure water feed and 2.0 M NaCl draw solution under the AL-DS mode, and 
the membrane structural parameter was as low as 163 m. Thanks to enhanced 
membrane hydrophilicity, these TFC HF FO membranes also exhibited a 
reduced fouling tendency and a high average water flux when concentrating a 
500 ppm oil/water emulsion containing 0.5g/L of salt [110]. 
 
The development of direct copolymerized sulfonated materials affords further 
chemical modifications of membranes for wider applications. Novel positively 
charged NF membranes were fabricated by UV-grafting sPPSU substrates with 
different types of positively charged monomers [111]. With narrowed pore size 
of 1.13~1.20 nm, the resultant NF membranes exhibited high water permeability 
and excellent solute rejection rates when treating textile wastewater. In a more 
recent work, GO was imbedded with sPPSU polymer, which were bridged by 
MNA linkers [57]. During the UF tests of oily wastewater, the membrane with 
a GO : MNA ratio of 9 : 1 was found to exhibit the most favorable properties 
including substantial reductions in flux drop, reversible, irreversible and 
adsorption-induced membrane resistances. In terms of RO applications, the 
direct copolymerization method is able to precisely control the ion-exchange 
capacity (IEC) and water uptake of sulfonated materials [89]. By coating a thin 
layer of sulfonated polymer as the selective layer, NaCl rejection is found to 
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depend on the sulfonation degree as well as the counter-ion form of the 
membrane (acid form or salt form) [112]. 
 
1.4.3 Challenges 
Although various sulfonated polymeric membranes have been developed and 
shown promising potential in water treatment applications, there are still some 
critical challenges that hinder their further advancements. The challenges 
mainly arise from the concerns of membrane mechanical stability, water-
induced membrane swelling, slow polymer phase inversion rate in water and 
further exploration of high performance membrane in various wastewater 
treatment.  
 
Despite of the increased hydrophilicity and charge density, highly sulfonated 
materials (i.e., with a high IEC value) readily compromise the membrane 
mechanical strength because they usually are difficult to precipitate and solidify 
in commonly used non-solvents (e.g., water) during the membrane formation 
[97]. Also, too hydrophilic polymer materials swell severely in aqueous media 
and then lose their mechanical resistance, thus a balance between material 
hydrophilicity and hydrophobicity needs to be found [100]. Many efforts have 
been devoted to improve the mechanical property and morphological stability 
of sulfonated membranes. So far, promising strategies include polymer blends 
of sulfonated and non-sulfonated materials [91, 103, 104, 107], the 
incorporation of inorganic nanomaterials [113, 114], covalent cross-linking 
[113-115] and acid/base polymer blends [113, 116]. As discussed in the 
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previous section, the most common strategy is to blend sulfonated and non-
sulfonated materials to fabricate membranes. However, this method may suffer 
from limited IEC value and leaching-out of highly sulfonated materials during 
the long term operation, due to the lack of interaction between sulfonated and 
non-sulfonated polymers.  
 
The inclusion of small inorganic particles such as silica or zirconiumphosphates 
sulfophenylphosphonates into sulfonated materials leads to some improvement 
in mechanical and swelling properties [117]. In contrast, the formation of 
covalent cross-linking bonds between the macromolecules helps to obtain stable 
and long-life membranes. For example, to crosslink the sulfonated polymers by 
firstly transformation of the sulfonic acid groups to sulfochloride or 
sulfoimidazolide and then reaction with diamines, or to crosslink the polymers 
containing both sulfonate and sulfinate groups by alkylation of the sulfinate 
groups with a,v-dihalogenoalkanes during the membrane formation [115], etc. 
However, it has been reported the main drawbacks of this technique are the 
elaborate or expensive procedures involved and that the crosslinker molecules 
are generally sensitive to some severe conditions during membrane operations 
[114]. Moreover, the morphological stabilization of acidic polymers by 
acid/base blending appears to reduce membrane swelling and water uptake. 
Blending sulfonated polymers with aminated polymers leads to a proton transfer 
from the sulfonic acid group to the amino group, ending up with a polysalt 
formation. And the formation of polysalt leads to miscibility and 
compatibilization of the two blend components [115, 118]. Distinctly different 
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approaches have been developed based on the complexation of sulfonated and 
basic polymers [113], such as PBI, polyethyleneimine (PEI), etc.  
 
On the other hand, the design and fabrication of effective membranes based on 
novel synthesized sulfonated materials is still one of the challenges in this field 
to further promote their applications. Despite of the intrinsic hydrophilicity, 
sulfonated polymeric membranes are needed to also possess enhanced swelling 
resistance, improved water permeability, increased solute rejection, 
strengthened mechanical stability and long-life span, etc. Moreover, the fouling 
behaviors of sulfonated membranes are worth deep investigation in order to 
provide guidance to long-term water treatment. 
 
1.5 Research objectives and thesis organization 
The main objectives of this research are to design various polymeric membranes 
based on directly copolymerized sPPSU polymers of different sulfonation 
degrees for water treatment applications, and to study the science and 
engineering of those membranes via UF and FO processes. Based on the 
advantages and disadvantages of sPPSU materials, membrane and separation 
process design mainly aims at three attributes: better separation performance, a 
lower fouling tendency and enhanced mechanical stability. Each chapter 
presents one kind of sPPSU membrane designed with one of the above purposes 
and fabricated based on the uniqueness of sulfonated materials: double-skinned 
TFC sPPSU FO membrane with better boron separation performance, tri-bore 
sPPSU UF membranes with improved mechanical property and reduced fouling 
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and HPEI/2.5sPPSU UF membrane with enhanced water permeability and 
mechanical stability. Overall, a comprehensive study of sPPSU membranes in 
water treatment applications were presented. The detailed research objectives 
are as follows: 
(1) better separation performance: to fabricate novel double-skinned TFC FO 
membrane by creatively combining the superior performance of sPPSU FO 
membrane with the dual-skin configuration for mitigating boron transport 
and a higher boron rejection; 
(2) improved mechanical property and reduced fouling: to study the sulfonated 
membrane formation in terms of triangle-shape TBF by manipulating 
spinning parameters and to investigate their UF performance and fouling 
behavior for oil/water separation. A resistance-in-series model was 
employed to analyze membrane resistance as a function of sulfonation 
degree. 
(3) enhanced mechanical stability: to understand the ionic interactions between 
acidic sPPSU and basic hyperbranched polyethyleneimine (HPEI) polymer 
complexes in the solution and reveal their effects on solution properties, 
phase inversion mechanisms and membrane morphology during membrane 
formation for ultrafiltration; 
 
The aims are to design and develop sulfonated membranes with improved 
separation performance, good mechanical property and stability for boron 
removal and oil/water separation. In Chapter 4, double-skinned FO membranes 
based on 1.5sPPSU demonstrate improved boron separation performance, 
which agrees well with the theoretical modeling. However, flat-sheet sPPSU 
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membranes turned out to be weak and vulnerable to work under pressurized 
conditions (e.g., UF), especially for higher sulfonation degree membranes. Thus, 
the multi-bore hollow fiber configuration has been adopted to fabricate sPPSU 
membrane with good mechanical stability. In Chapter 5, PPSU and sPPSU 
materials are designed into TBF UF membranes with good UF performance and 
acceptable mechanical stability. However, 2.5sPPSU TBFs, with the highest 
sulfonation degree and best anti-fouling properties, demonstrated low water 
permeability and large initial membrane resistance. Therefore, efforts of 
improving the high sulfonation degree membranes in both water permeance and 
mechanical stability are conducted by utilizing the concept of acid/base polymer 
blending. Then in Chapter 6, HPEI is blended with 2.5sPPSU to fabricate UF 
membranes. With the help of ionic interaction, a proper addition of HPEI could 
significantly enhance the membrane mechanical property, separation 
performance and reduce the water-induced swelling and initial membrane 
resistance.  
 
Overall, this dissertation is organized and structured into seven chapters. 
Chapter 1 provides the introduction of this thesis, including an overview of 
wastewater treatment, a brief introduction of membrane technology, the 
literature review of polymeric membranes development for water purification 
in three main aspects (i.e., membranes with better separation performance, a 
lower fouling tendency and enhanced mechanical stability), the fabrication and 
advancement of sulfonated polymers and membranes, as well as the key 
challenges in the development of sulfonated polymeric membranes for water 




Chapter 2 presents the fundamental theories and background for membrane 
transportation. Solution-diffusion model for water and salt diffusion within the 
dense layer of the membranes is introduced, and equations that govern the mass 
transport across the whole membrane in forward osmosis are derived. 
Meanwhile, the resistance-in-series model and four different types of membrane 
resistances in terms of UF fouling are discussed.  
 
Chapter 3 describes the experimental details involved in the entire research, 
including the materials and chemicals utilized, the characterizations methods of 
polymeric dope solutions, and various characterization techniques of as-
fabricated membranes. 
 
Chapter 4 presents a specially designed double-skinned FO membrane based on 
sPPSU substrate for boron permeation studies. The superior boron rejection 
properties of double-skinned FO membranes were demonstrated by theoretical 
calculations, and verified by experiments. A strong agreement between 
experimental data and modeling results validates the membrane design and 
confirms the model prediction. The effects of key parameters on boron rejection, 
such as boron permeability of both selective layers and structure parameters 




Chapter 5 presents the fabrication of triangle-shape tri-bore hollow fiber (TBF) 
ultrafiltration (UF) membranes by employing sPPSU polymers with different 
sulfonation degrees via a newly designed dual-layer tri-needle spinneret. The 
separation performance and fouling behavior of the newly developed TBF 
membranes were systematically studied for oil/water separation. Then the 
critical and threshold fluxes of TBF UF membranes were determined as a 
function of sulfonation degree through pressure stepping experiments. Above 
threshold fluxes, their UF behaviors were studied under the same experimental 
conditions to filtrate a 5000 ppm petroleum/water emulsion and analyzed by the 
resistance-in-series model.  
 
Chapter 6 reports a novel UF membrane fabrication based on blending basic 
HPEI polymers and acidic sPPSU polymer as casting solutions. This part aims 
to investigate the fundamentals of fabricating flat-sheet ultrafiltration (UF) 
membranes from acid/base polymer complexes via non-solvent induced phase 
inversion and to explore their potential for ultrafiltration. It is found that the 
molecular interaction between two polymers, the phase inversion mechanism 
and polymer precipitation rate during membrane formation as well as membrane 
morphology vary significantly as a function of HPEI content.  
 
Chapter 7 presents some conclusions from conducted research and proposes 
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Chapter 2 Theoretical Background 
2.1 Pore-flow and solution-diffusion mechanisms 
As proposed in the nineteenth century, membranes for water purification 
processes generally can function by two fundamentally different mechanisms: 
pore-flow or solution-diffusion mechanisms as illustrated in Figure 2.1 [1-4]. In 
a simple filtration process, pore-flow mechanism predominates where the 
permeants are transported by pressure-driven convective flow through small 
pores. The separation is achieved by size exclusion of big molecules or particles 
from some of the pores in the membrane through which small molecules or 
particles pass through. This transport mechanism predominates in MF, UF and 
microporous gas flow membranes, etc. In contrast, the solution-diffusion model 
is more frequently used where very small molecules and ions are involved. 
Permeants dissolve in the polymer matrix of membrane first, diffuse across the 
thickness of membrane down through the concentration gradient. The 
separation is achieved due to the different solubilities of permeants in the 
membrane material and their different diffusion rates through the membrane. 
This transport mechanism predominates in RO, pervaporation processes, etc.  
 
When using the chemical potential gradient to model the mass transport during 
a membrane separation process, the pore-flow and solution-diffusion models 
differ in following aspects [2]: 1) the pore-flow model assumes that the 
concentrations of permeants within the membrane are the same while the 
chemical potential gradient across the membrane is only dependent on a 
pressure gradient; 2) the solution-diffusion model assumes that the pressure 
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within the membrane is uniform while the chemical potential gradient across 
the membrane is only a function of a concentration gradient. 
 
Figure 2.1 A comparison of pore-flow and solution-diffusion mechanisms 
across a membrane  
 
Pore-flow and solution-diffusion models are applied to describe the different 
membrane separation processes where either small pores or big pores are 
involved in the membrane. However, transition regions still exist where the 
selection of a proper model becomes difficult. It is believed that the relative 
permeability of the membrane pores against different permeants determines the 
applicability between two mechanisms. In a pore-flow membrane, large pores 
are relatively fixed and do not fluctuate in the same time scale of the permeants 
motions permeating through the membrane, while the small pores in a solution-
diffusion membrane exist as free-volume elements which fluctuate 
approximately in the same time scale as the motions of permeants. Thus, in a 
FO process, dense membrane selective layers are utilized to separate small salt 




2.2 Mass transport in forward osmosis  
Driven by the osmotic pressure difference between two solutions, the water flux 
Jw across a FO membrane from the feed to draw solution side can be expressed 
as:          
 W mJ A                                                  (2.1) 
where σ is the reflection coefficient, A is the water permeability of the 
membrane, Δπm is the effective osmotic pressure difference across the 
membrane (πD,m-πF,m). For a perfect semi-permeable membrane, σ is equal to 1, 
and then the equation becomes: 
W mJ A                                                 (2.2) 
If the membrane is not perfectly semi-permeable, a reverse solute flux Js will 
diffuse back from the draw solution side to the feed side due to the concentration 
gradient. Js can be calculated as below:        
 , ,( )s s D m F mJ B C C                                    (2.3) 
where Bs is the salt permeability, CD,m and CF,m are the salt concentrations on the 
surfaces of the selective layer in the draw and feed side, respectively. By 
assuming that the osmotic pressure of the solutions obeys Van’t Hoff Equation, 
the reverse solute flux can then be expressed as a function of Jw using van’t Hoff 




                                              (2.4)                                    
The water permeability A can be obtained in a RO test using pure water as the 
feed, while the salt permeability Bs could be calculated bases on: 
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                                       (2.5) 
where Rs is the salt rejection rate of the membrane against a hydraulic pressure 
of ΔP in the RO process. 
 
As most FO membranes are asymmetric, consisting of a top thin selective layer 
and a relatively thick porous support layer, there have two different operation 
modes in FO process, namely AL-DS mode and AL-FS mode. When salt 
leakage happens, the salt transport will be limited by external concentration 
polarization (ECP) and internal concentration polarization (ICP) [5]. Therefore, 
the effective driving force across the membrane is always lower than the 
osmotic pressure difference between the bulk solutions. The detailed schematic 
diagram can be found in Figure 2.2. 
 





When membrane is placed in an orientation as shown in Figure 2.2 A, dilutive 
ECP occurs, where the water permeated from the feed side dilutes the solute 
concentration on the selective layer surface. The osmotic pressure at the 
membrane surface D,m can be obtains from: 
 , , exp( )WD m D b
J
k
                                         (2.6) 
where k is the mass transfer coefficient, while D,b is the osmotic pressure of the 
bulk draw solution. On the other hand, when the membrane is placed under the 
AL-FS mode, concentrative ECP will happen, then the osmotic pressure on the 
selective layer surface F,m can be written as below: 
 , , exp( )wF m F b
J
k
                                         (2.7) 
where F,b is the osmotic pressure in the bulk feed solution. And the mass 





                                                  (2.8) 
where Sh is the Sherwood number of a laminar flow, Ds is the solute diffusion 
coefficient and dh is the hydraulic diameter. For a laminar flow in a rectangular 
channel, Sh number could be calculated from: 
 1.85(Re )hdSh Sc
L
                                      (2.9) 
where Re is the Reynolds number, Sc is the Schmidt number and L is the length 




On the other hand, in the AL-DS mode, once the feed solute is dragged into the 
porous layer by the water flow, the uneven distribution of solute within the 
support will have a concentration gradient along the water flow direction. As a 
result, the solute concentration on the active layer surface is higher than that in 
the bulk feed. Thus, the solute transport within the support layer is contributed 
by two mechanisms: solute diffusion due to the concentration gradient and the 
convective flow caused by the water flow [6, 7], the salt flux at any distance x 
from the selective layer can be expresses by: 
 
( ) ( )Ss w
D dC xJ J C x
dx

                              (2.10) 
where ε and τ is the porosity and tortuosity of the support layer, respectively. At 
steady state, equations (2.3) and (2.10) should be equal: 
 , ,
( )( ) ( )sD m F m w
D dC xB C C J C x
dx

                         (2.11) 
After the integration of (2.10) over the support layer thickness , the resulted 
equation is [7-9]:  
 ,,
,








                             (2.12) 
where Km,s is the solute diffusion coefficient within the support layer, which is 
defined as the ratio of the salt diffusivity Ds to the structure parameter S: 
 , sm s
DK
S
                                            (2.13)  
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S has the dimension of length and represents as the apparent thickness of the 
support layer, it can be defined by tortuosity τ, porous layer thickness  and 
porosity ε: 
ܵ ൌ ఞ∙ఛ ఌ                                           (2.14)  
 
Similarly, in the AL-FS mode, concentrative ECP happens at the feed side and 
dilutive ICP dominates within the support at the draw side. The expression to 












                                (2.15) 
Overall, it is worth noting that the ICP is a severer problem than the ECP, since 
the latter may be mitigated by altering the operation parameters to enhance the 
mass transfer coefficient, e.g., increasing the solution velocity and decreasing 
the channel hydraulic diameter.  
 
2.3 “Resistance-in-series” model in ultrafiltration  
In a typical filtration process, the permeate flux J through a porous membrane 





                                                 (2.16)  
where ∆P is the applied transmembrane pressure, R’ is the membrane resistance 
to mass transfer and µ is the permeate viscosity. During a fouling experiment, 
the total resistance to mass transfer increases and is often presented by the 
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“resistance-in-series” model. In this model, the total hydraulic resistance is 
composed of individual resistances, including the resistance of the membrane 
itself (Rm), the resistance due to adsorption fouling (Rads), and the resistances 
due to reversible and irreversible fouling (Rr and Rir) [10-12]. Therefore, the 
permeate flux J is described as: 
 
( )m ads r ir
PJ
R R R R
                                       (2.17) 
When taking the fouling mechanisms into considerations, several specific flux 
values, including critical flux, threshold flux, are characteristics for a specific 
UF system [11]. There are two forms of critical fluxes, strong form and weak 
form. The strong form of critical flux Jcs has been defined as the flux where the 
flux-pressure curve begins to deviate from linearity. The adsorption fouling of 






                                                                                  (2.18) 
 :
( )CS m r ir
PforJ J J
R R R
                                                                  (2.19) 
On the other hand, if Rads is not negligible then the weak form of the critical flux 
Jcw could be defined as: 
:
( )CW m ads
PforJ J J
R R
                                                                     (2.20) 
:
( )CW m ads r ir
PforJ J J
R R R R
                                                        (2.21) 
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In addition, the concept of threshold flux provides sufficient guidance for the 
membrane plant designer in the water industry. Threshold flux is the flux below 
which only a low fouling rate occurs, while above which the rate of fouling 
increases markedly [11, 13]. Compared with the critical flux, threshold flux 
values are more meaningful when determining the sustainable flux: the 
economically sustainable flux may be greater than the threshold flux and but a 
pragmatic value at/below which an “acceptable” rate of fouling occurs [12, 13].  
 
As elucidated in (2.21), the total membrane resistance, Rt, in the resistance-in-
series model consists of four individual resistances as follows:  
t m ads r ir
v
PR R R R R
J
                                      (2.22) 
where Jv is the permeate flux of a specific feed solution under ∆P. This equation 
is valid only if Jv is higher than the critical flux according to (2.21). These four 
resistances could be calculated based on different operational permeate fluxes. 
Physically, Rm is the clean membrane own resistance when filtrating pure water; 
Rads refers to the resistance caused by surface and pore adsorption occurring in 
the absence of flux; Rr reflects the membrane resistance from the reversible 
fouling (removable by physical methods) during operation; Rir represents the 
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Chapter 3 Experimental 
3.1 Materials 
3.1.1 Polymers 
Polyphenylenesulfone (Ultrason® P 3020, PPSU) and sulfonated 
polyphenylenesulfone with a sulfonation degree of 1.5 or 2.5 mol % (referred 
to as 1.5sPPSU and 2.5sPPSU) were kindly provided by BASF and used as the 
materials for the membrane fabrication. The sPPSU polymers were synthesized 
using the directly copolymerized sulfonation method developed by McGrath et 
al [1] with 1.5 or 2.5 mol % 3,3’-disulfonate-4,4’-dichlorodiphenyl sulfone 
monomer. The 1.5sPPSU and 2.5sPPSU polymers have IEC values of 5.0 and 
7.1 meq/100g polymer. Commercially available Matrimid® 5218 and Radel® A 
PES were purchased from Vantico Inc. and Solvay Advanced Polymer, L.L.C., 
GA, respectively. Water-soluble hyper-branched polyethylenimine (HPEI, 
Figure 3.1 The chemical structure of (a) PPSU, (b) sPPSU (For 1.5sPPSU, 
m=98.5% and n=1.5% while for 2.5sPPSU, m=97.5% and n=2.5%), (c) 
Matrimid 5218, (d) PES and (e) HPEI 
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average molecular weight~25,000 Da, Sigma) was used as the additive in the 
dope solution preparation. The chemical structure of all polymers used are 
shown in Figure 3.1.  
 
3.1.2 Chemicals for TFC membranes and FO processes 
Trimesoyl chloride (TMC) with 98% purity from Sigma-Aldrich and m-
phenylenediamine (MPD) with >98% purity supplied by Tokyo Chemical 
Industry were utilized as the monomers for the interfacial polymerization. 
Sodium dodecyl sulphate (SDS, >97%, Fluka) and hexane (>99.9%, Fisher 
Chemicals) were employed as the additive and solvent, respectively, during 
interfacial polymerization. Sodium chloride (NaCl) purchased from Merck was 
used as the draw solute in FO. Boric acid (Merck) was utilized to prepare the 
boron feed solution. To detect the boron concentration in the draw solution, 
utilized chemicals include Ethylenediaminetetraacetic acid disodium salt 
(EDTA-Na2, dehydrate) purchased from Merck, ammonium acetate (≥98%), 
Azomethine-H monosodium salt (hydrate) and L-ascorbic acid from Sigma-
Aldrich, glacial acetic acid (100%) from Merck. 
 
3.1.3 Solvents and other chemicals 
N-methyl-2-pyrrolidone (NMP, > 99.5%, Merck) was utilized as the solvent for 
the membrane dope solution preparation. While ethylene glycol (EG, > 99.0%, 
Merck), diethylene glycol (DEG, > 99.0%, Merck) and polyethylene glycol 400 
(PEG400, Mw =400 gmol-1, > 99.0%, Acros) were used as the additives to 
prepare casting or spinning solutions. A mixture of glycerol (Industrial grade, 
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AikMoh Paints & Chemicals Pte. Ltd, Singapore) and water (50/50 wt%) was 
used to post-treat the as-spun hollow fibers. Polyethylene glycol (PEG) with 
molecular weights of 12,000 and 35,000 g mol−1 and polyethylene oxide (PEO) 
of 100,000 and 300,000 g mol−1 from Merck were employed to characterize the 
molecular weight cut-off (MWCO) and mean pore size of as-fabricated 
membranes. Petroleum (~18% aromatics basis, boiling point 180-220°C, Sigma 
Aldrich) and Tween 80 (average Mw 1310, Sigma Aldrich) were mixed in DI 
water to prepare oil/water emulsions. The deionized (DI) water was produced 
by a Milli-Q unit (Millipore) with a resistivity of 18 MΩ cm. 
 
3.2 Dope solution characterizations 
3.2.1 Shear viscosity 
Shear viscosities of as-prepared polymer dope solutions were measured as a 
function of doped HPEI concentration. The viscosity measurements were 
conducted by an AR-G2 rheometer (TA Instruments) with a 40 mm cone plate 
at ambient temperature in a shear rate range of 1~100 s-1. 
 
3.2.2 Coagulation value 
To estimate the coagulant tolerance of the polymer solutions, cloud point 
measurements were conducted by a titration method. DI water was slowly added 
into each dope solution and caused some local coagulation. After stirring, the 
mixture became homogeneous again. This procedure was repeated until 
permanent turbidity was detected visually. Here, the quantity of water in grams 
required to make 100 g polymer solution turbid is defined as the coagulation 




3.2.3 Visualization of phase inversion through a microscope 
Visualization of the phase inversion process was performed as described in [3]. 
A polymer solution drop was placed on a glass slip, then spread and thinned by 
using a cover slip. A drop of water was added on the edge of the cover slip in 
order to contact the polymer solution and induce phase inversion. The whole 
process was observed using an Olympus BX50 polarized light microscope 
(PLM) under a magnification of 10, and recorded PLM micrographs were 
further analyzed by Image Pro Plus 3.0 software. Pictures were recorded every 
0.05 s for 10 s in total. 
 
3.2.4 Phase inversion kinetics 
The phase separation kinetics of as-prepared dope solutions were investigated 
by light transmittance experiments [4, 5]. The dope solution was firstly cast on 
a glass slide by a casting knife with a thickness of 100 µm, and then immediately 
inserted into a plastic cuvette holding water. The light transmittance at 525 nm 
was monitored and recorded by a UV-vis scanning spectrophotometer (Pharo 
300 Spectroquant®) for 3 minutes.  
 
3.3 Membrane charaterizations 
3.3.1 Membrane morphologies  
Membrane morphologies (i.e. thickness or fiber dimensions) were studied by 
optical microscope (Olympus, SZX16; digital camera: Olympus, CMAD3) and 
field emission scanning electronic microscopy (FESEM JEOL JSM-6700). 
Prior to FESEM observation, membranes samples were dried in a freeze-dryer 
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(ModulyoD, Thermo Electron Corporation, USA), fractured in liquid nitrogen 
and sputtered with platinum by a Jeol JFC-1100E Ion Sputtering device. 
 
3.3.2 X-ray photoelectron spectroscopy (XPS) 
The surface chemistry of the flat sheet membranes was studied by X-ray 
photoelectron spectroscopy (XPS, Kratos AXIS UltraDLD, Kratos Analytical 
Ltd., England). XPS was employed to analyze the binding energy level of N 1s 
on the surfaces with a monochromatic X-ray of 15 kV and 100 W. Elements 
quantification report was generated by Vision Procession software, while 
XPSPEAK41 software was utilized for peak analysis based on the raw spectra 
by applying the respective binding energies of N-related structures in different 
chemistry environments.  
 
3.3.3 Surface water contact angles 
For flat sheet membranes, surface hydrophilicity was characterized by 
measuring the surface contact angle. By using DI water as the probe liquid, 
freeze-dried membrane samples were characterized by a Contact Angle 
Geniometer (Rame Hart, USA) at room temperature. While for hollow fiber 
membranes, surface hydrophilicity was characterized by measuring water 
contact angles using a KSV Sigma 701 tensiometer (±0.01°, KSV Instruments 
Ltd.) on freeze-dried membrane samples. 
 
3.3.4 Zeta potential 
The flat sheet membrane surface charge properties were analyzed by a SurPASS 
electrokinetic analyzer (Anton Paar GmbH, Austria). A total volume of 450 mL 
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of 0.01 M NaCl solution was used to measure the zeta potential of the membrane 
top surfaces under neutral pH.  
 
3.3.5 Atomic force microscope (AFM) 
The flat sheet membrane surface topologies were examined by a Bruker 
Dimension Icon atomic force microscope (AFM, Bruker, USA). For each 
membrane, an area of 1 µm×1 µm was scanned using the tapping mode in the 
air. The mean roughness (Ra) and root mean square average values (Rq) were 
calculated using the NanoScope Analysis software to quantify the differences 
between various membranes. 
 
3.3.6 Membrane porosity 
To obtain the flat sheet membrane porosity, wet membranes were measured by 
careful removal of excess water on the surface by tissue paper. Then the wet 
membranes were weighed (m1, g), freeze dried overnight, and re-weighed (m2, 
g). Then the overall porosity ɛ can be calculated as follows [6]: 
1 2
1 2 2
( ) / 100%






                                   (3.1) 
Where ρw and ρp are the density of water and polymer, respectively. Then 
porosity of the TBF membrane was measured by the following protocol 
described by [7] and calculated from: 
/




                                 (3.2) 
where mfiber is the fiber weight measured by an accurate beam balance (A&D, 
GR-200); ρfiber is the density of the fiber material; Vfiber is the fiber volume 
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calculated from fiber outer diameter and length; Vbore is estimated from inner 
bore diameter and fiber length.  
 
3.3.7 Swelling ratio 
The thickness of the wet membrane (Dwet, µm) and dried membrane (Ddry, µm) 
were measured by optical microscope and FESEM, respectively. Then the 






                              (3.3) 
 
3.3.8 Mechanical properties 
The membrane mechanical properties, including the maximum load, Young’s 
modulus, elongation at break and tensile strain were measured by an Instron 
tensiometer (Model 5542, Instron Corp.). Wet flat sheet membranes were cut 
into stripes with a width of 5 mm and an initial gauge length of 20 mm under a 
testing rate of 10mm/min. For TBF membranes, a same constant elongation rate 
with a starting gauge length of 50 mm was applied. 
 
3.3.9 Pure water permeability and pore size distributions 
Pure water permeability (PWP, L m-2h-1bar-1 or LMH bar-1) measurements and 
solute rejection (R, %) experiments of as-cast flat sheet membranes were 
conducted by dead-end permeation cells [9] (Figure 3.2) at 1 bar (∆P, bar). As 
shown in the figure, the membrane is placed in a permeation cell filled with ~ 
300 ml feed solution inside, while the compressed gas from the gas cylinder is 
adjusted to a certain pressure to provide the filtration driving force. Permeate 
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will be collected from the cell side for characterizations. The effective 
membrane area (A, m2) was 3.14x10-4 m2. While the TBF UF membranes were 
tested with the inner selective layer facing the feed water at a transmembrane 
pressure of 1 bar via a cross-flow filtration system [10] (Figure 3.3). In the 
cross-flow system, feed water is pumped into the system with adjustable 
pressures, pressure gauges are installed to measure the pressure values before 
and after TBF modules. The weight of permeate is weight by a digital balance 
and recorded as a function of time by the computer.  




Figure 3.3 Schematic of the experimental cross-flow filtration setup 
PWP of each membrane was measured with DI water, while the solute rejection 
was determined using a 200 ppm PEG or PEO solution. PWP and R are 




                                                 (3.4)  





                                            (3.5) 
where Q (L/h) is the water flow rate of DI water at the permeate side, CP and 
CF are the solute concentrations at the permeate and feed solution sides, 
individually. The solute concentrations were measured by a total carbon 
analyzer (Shimadzu TOC-Lcsh, Japan). The solute rejection experiments were 
conducted to obtain the membrane pore size distributions. The relationship 
between solute Stokes diameter (ds, nm) and molecular weight (M, g mol−1) of 
the PEG solutes can be expressed as [10]:  
For PEG:                            ds=33.46×10-12×Mw 0.557                                     (3.6) 











where the solute rejection R is plotted versus ds on a log-normal probability 
paper, a straight line is yielded and μs the geometric mean diameter of solute 
could be found at R=50%, σg is the geometric standard deviation about μs, 
defined as the ratio of ds at R = 84.13% to R = 50%. The mean effective pore 
size μp and the geometric standard deviation σp can be considered the same as 
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3.4 Double-skinned FO membranes 
3.4.1 Fabrication of flat sheet single- or double-skinned FO membranes 
To fabricate the flat sheet membrane support, the casting solution was prepared 
by adding 15 wt% sPPSU polymer and 25 wt% PEG400 into a NMP solvent. 
After degassing overnight, the dope solution was cast on a glass plate with a 
casting knife with 100µm in thickness. The as-fabricated membranes were then 
immersed into a tap water coagulation bath immediately, and kept for 1 day to 
ensure complete precipitation. In both single- and double-skinned FO 
membranes, TFC layers were fabricated via interfacial polymerization 
following exactly the same procedures. First, the membrane substrates were 
immersed in an aqueous 2.0 w. % MPD solution with 0.1 w. % SDS additive 
for 2 min. Then they were taken out from the solution, and excess water droplets 
on the support surface were removed by tissue papers. After that, the support 
was fixed in a frame and a solution of 0.05 wt. % TMC in hexane was poured 
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on the top surface for 2 min, which led to the formation of an ultrathin 
polyamide film. The resultant composite membrane was dried in air for 5 min.  
 
To fabricate the double-skinned TFC membrane, a polyamide TFC layer was 
first synthesized on the top surface of the support by interfacial polymerization 
between MPD and TMC monomers, then on the bottom surface following the 
same protocol. Between the syntheses of two polyamide layers, the membranes 
were kept hydrated by soaking in DI water. For comparison, the single-skinned 
FO membrane was fabricated with a TFC layer only formed on the top surface 
of the support. Then as-prepared FO membranes were kept in DI water for 
further tests.  
 
3.4.2 Forward osmosis tests 
FO performance of the newly fabricated TFC FO membranes was evaluated 
through a lab-scale cross-flow setup [11] (Figure 3.4). The crossflow 
permeation cell was a plate-and-frame design with a rectangular channel (2.0 
cm in length, 1.0 cm in width, and 0.5 cm in height) on each side of the 
membrane. There is no spacer in the flow channels. The flow velocities of 
solutions during the FO testing were kept at 0.2 L min-1 for both the feed and 
draw solutions, which flowed concurrently along the membrane. And all the 
experiments were conducted at room temperature (23±0.5 ◦C). Details can also 





Figure 3.4 Schematic diagram of the laboratory-scale FO setup 
 
NaCl solutions of different concentrations and a boron solution of 100 ppm were 
prepared as draw and feed solutions, respectively. The boron feed solution was 
prepared by dissolving boric acid into DI water, without adjusting the pH. At 
this pH (~6.6), boric acid is poorly hydrated and exists in the form of 
undissociated molecules. The average testing duration for each FO operation is 
around 1 hour. The single-skinned FO membrane was tested under two modes: 
(1) active layer facing draw solution (AL-DS) mode where the selective layer 
faced the draw solution and (2) active layer facing feed solution (AL-FS) mode 
where the TFC selective layer faced the boron feed. While the double-skinned 
FO membrane was tested with the top polyamide layer facing the boron feed 









                                                    (3.9) 
where ΔV is the volume of permeation water collected in the draw side over a 
predetermined time Δt, and Am is the effective membrane area. The back 
diffusion of the draw solute to the feed side; namely, the salt reverse flux (JS, 
gm-2h-1 or gMH), can be calculated by measuring the conductivity in the feed 
solution at the beginning and the end of each experiment: 




                                                (3.10)  
where Ct and Vt are the salt concentration and feed volume at the end of tests, 
respectively. 
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             (3.12) 
where CDraw and CFeed are the boron concentrations of the draw and feed 
solutions at the end of tests, respectively, VDraw is the volume of the draw 
solution. In order to estimate the boron rejection, the effective boron 
concentration diffusing through the membrane could be expressed as the ratio 
of JB/Jw, which could be experimentally calculated as the amount change of 
boron in the draw solution side (CDrawVDraw) divided by permeate volume ∆V.  
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3.4.3 Mass transport characteristics of selective layers 
The pure water permeability coefficient, A, NaCl permeability coefficient, Bs, 
and boron permeability coefficient, BB, of the FO membranes were evaluated in 
a dead-end RO cell under a transmembrane pressure of 3 bar. A was determined 
from the pure water permeation flux, while the salt rejection (Rs) and boron 
rejection (RB) were evaluated respectively using 1000 ppm NaCl and 100 ppm 
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                                                (3.15) 
where Q is the water permeation volumetric flow rate, Cp and Cf are the solute 
concentrations in the permeate and feed solutions, individually. ΔP and Δπ are 
the hydraulic pressure and osmotic pressure differences across the membrane, 
respectively. NaCl and boron concentrations were detected respectively via 
conductivity and azomethine-H colorimetric methods. For clarity, the TFC layer 
fabricated on the top surface of the substrate was considered as the active layer1 
with a boron permeability coefficient of B1, while the bottom TFC layer was 




3.4.4 Boron detection 
The boron concentrations in the feed or draw solutions were measured by the 
azomethine-H colorimetric method. The details of measurement have been 
previously reported [14, 15]. Buffer masking solution and azomethine-H 
solution were prepared freshly. To prepare the buffer masking solution, 
ammonium acetate (50 g) and EDTA-Na2 (3 g) were dissolved in a bottle 
containing 80 mL water, then 25 mL glacial acetic acid was slowly added into 
the mixture with stirring. Then the azomethine-H solution was prepared by 
dissolving 0.45 g of azomethine-H reagent and 1 g of L-ascorbic acid in 100 
mL DI water. During tests, 1 mL of the sample boron solution firstly mixed with 
2 mL of the buffer-masking solution, followed by the addition of 2 mL of the 
azomethine-H solution. After 30 min, the absorbance of the mixture is measured 
at 410 nm by a UV-vis spectrometer.  
 
3.5 TBF UF membranes 
3.5.1 Spinneret design 
Firstly, single-layer tri-bore spinneret with a blossom geometry is designed to 
fabricate tri-bore hollow fiber membranes, as shown in Figure 3.5 (a)(b). The 
tri-bore spinneret had three needles, which distributed uniformly within the 
spinneret. A 0.5 mm distance between channels was employed to avoid the 
potential intra-bore crossing of nascent fibers resulting from die swell 
phenomena. It should be noted that this geometry was designed not to fabricate 
a tri-bore membrane with a blossom geometry. The main purpose was to ensure 
a uniform extrusion gap for the polymer dope and also to generate enough shear 
stress when the dope was extruded. Owing to the polymer chain relaxation and 
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die swell effect, the nascent fiber was expected to exhibit a smoother outer 
surface, i.e., round shape [4, 16]. To avoid uneven distribution of the polymer 
dope, the bore fluid and polymer dope were injected from the side and top of 
the spinneret, respectively. Other proprietary know-hows were also applied to 
achieve a more uniform distribution of dope solutions at the spinneret outlet 
[17]. 
 
To further tune the outer surface properties of the as-fabricated fibers, dual-layer 
tri-needle spinneret is specially designed. Figure 3.5 (c) presents the bottom 
view of this dual-layer spinneret. Different from the single-layer spinneret, this 
one has an additional outer channel, making it possible to spin a dual-layer 
hollow fiber or utilize a solvent flowing along the outer surface of TBFs in order 
to induce different phase inversion and membrane morphology. 
 
Figure 3.5 The schematic design of tri-needle spinnerets: (a) the side view and 




3.5.2 Fabrication of tri-bore hollow fiber membranes 
The TBF membranes were fabricated via a dry-jet wet spinning process [18, 19]. 
Figure 3.6 presents the TBF membrane fabrication process via a dual-layer 
spinneret. Compared to a single-layer spinneret, one more outer channel for 
NMP solvent is added. Before the spinning, the polymer dope solutions were 
poured into an ISCO syringe pump and degassed overnight, while the bore fluid 
and pure NMP solvent were stored in another two pumps. During spinning, the  
dope solution, bore fluid and NMP solvent were co-extruded out via the 
spinneret with controlled flow rates. After travelling through a certain air-gap 
distance, the nascent fibers entered into a water coagulant tank for further phase 
inversion. In order to effectively control the phase inversion during membrane 
formation and obtain the desirable membrane structure and morphology, the 
dual-coagulation bath spinning technology was applied [20-23]. The TBFs were 
then collected by a rolling drum with a controlled take up speed. Then the 
obtained HF membranes were cut and rinsed in tap water for at least three days 
to remove residual solvents.  
 




Tables 3.1~3.4 summarize the spinning conditions for all hollow fiber 
membranes. After spinning, the as-spun hollow fiber membranes were rinsed 
with tap water for two days to completely remove the residual solvent and 
additives. Subsequently, the membranes were soaked in a 50 wt% aqueous 
glycerol solution for two days and then dried in air at room temperature (about 
23 °C). All the spinning conditions have been repeated for three times to ensure 
the reproducibility.   
Table 3.1 Spinning conditions of tri-bore Matrimid® hollow fiber membranes 
with different dope flow rates 
 




Table 3.3 Spinning conditions of tri-bore Matrimid® hollow fiber membranes 
with different dope concentrations and take up speeds 
 
Table 3.4 Spinning conditions of PPSU and sPPSU TBF UF membranes 
 
3.5.3 Fabrication of TBF modules 
To fabricate TBF modules, post-treated membranes were assembled into a 
module holder consisting of two Swagelok stainless steel male run tees 
connected by a perfluoroalkoxy tube of 3/8 inch in diameter. With the aid of a 
slow cure epoxy resin (KS Bond EP231, Bondtec) to seal the module, each 




3.5.4 Preparation of oil/water emulsions 
Oil/water emulsion feed is utilized to study the fouling behaviors of TBF UF 
membranes. The oil/water emulsion was prepared by mixing petroleum and 
Tween 80 at a weight ratio of 9:1 in DI water. The mixture was blended by a 
high speed blender (Waring Products Division, Torrington, CT, USA) for 5 min 
[24-26]. The stable petroleum/water emulsion firstly had a total organic 
concentration of 200,000 ppm, and was further diluted with DI water into varied 
concentrations. The characterizations of emulsions including particle size 
distribution and relative viscosity have been reported previously [24, 26]. 
Briefly, the size of oil/water emulsions was characterized by a nanoparticle size 
analyzer (Nano ZS, ZEN3600). As shown in Figure 3.7(A) [26], the emulsion 
is found to have a narrow size distribution with a peak diameter of around 700 
~ 1000 nm. Also, it has a relative viscosity similar to DI water when its 
concentration is lower than 5000 ppm (Figure 3.7(B)) [26]. The relative 
viscosity increases to 1.19 for the emulsion containing 50,000 ppm petroleum. 
A fresh emulsion solution was prepared right before each UF experiment. 
 
Figure 3.7 (A) The representative particle size distribution of the 4000 ppm 
petroleum/water emulsion and (B) the relative viscosity of petroleum/water 




3.5.5 UF experiments for TBF UF membranes 
The lab-scale crossflow filtration system illustrated in Figure 3.3 is used for UF 
and fouling tests [27, 28]. The background of UF process, critical flux and 
resistance-in-series theory is included in the chapter 2. When conducting 
fouling experiments, the feed tank was firstly filled with DI water. After 
circulating the DI water for certain durations, various feed solutions (i.e., 500, 
5000 and 50000 ppm) prepared from the 200,000 ppm petroleum emulsion were 
added into the feed tank for subsequent tests. For all UF experiments, a 
transmembrane pressure of 1 bar and a flow rate of 300 ml/min along the lumen 
side were used. This flow rate corresponds to a velocity range of 2.58 ~ 2.81 
m/s and a Reynolds number range of 2145 ~ 2640 depending on the inner 
diameter of TFBs and feed viscosity. During tests, the feed concentration was 
kept constant by manually adding DI water equal to the permeated weight every 
5 min continuously.  
 
Permeate was collected in a beaker from the shell side of the membrane module. 
An electronic balance recorded the permeate change as a function of time, and 





                                              (3.16) 
where ∆M is the permeate mass collected during a period of ∆t, ρw is the water 




The total organic carbon (TOC) content in permeate and feed solutions were 
measured by a Total Organic Carbon (Shimadzu ASI-5000A, Japan) analyzer. 
The rejection RTOC is determined by the following equation: 




                                       (3.17) 
where CPTOC and CFTOC represent the TOC concentrations in the permeate and 
feed, respectively. 
 
3.5.6 Determination of critical and threshold fluxes of TBF UF membranes 
By measuring the severity of adsorption fouling in the absence of flux, one 
could use surface adsorption experiments to distinguish the strong form and 
weak form of critical flux [29]. Rads was calculated from the flux decay as 
follows: clean TBF UF membranes were first filtrated by pure water at 1 bar for 
10 min. Then a petroleum emulsion of 5000 ppm was introduced into the water 
tank and circulating the fiber lumen without transmembrane pressure. The 
foulant adsorption was carried out in the absence of convective flux for 30 min. 
Afterward, pure water was resumed to wash the membrane lumen under 1 bar 
for 20 min and then the water permeate flux was re-measured as Jads at 1 bar.  
 
In order to determine the values of critical flux and threshold flux [29-33], 
pressure stepping experiments were conducted using a 5000 ppm petroleum 
emulsion as the feed. The transmembrane pressure was increased in steps from 
0.1 to 1.8 bar continuously, with each step lasting for 10 min. The increment of 




3.5.7 Analysis of membrane resistances of TBF UF membranes 
As elucidated in equation (2.22), the total membrane resistance, Rt, in the 
resistance-in-series model consists of four individual resistances. The individual 
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where Jwater is the permeate flux measured by using clean membranes and pure 
water feed; Jads is the pure water permeate flux after foulant adsorption as 
described in section 6.2.6, and Jwater* is the pure water permeate flux after 
filtrating the oil emulsion and then 30 min DI water washing. The above 
equations (3.18)~(3.21) share the same experimental conditions: using an oil 
emulsion feed containing 5000 ppm petroleum, a transmembrane pressure of 1 
bar and a flowrate of 300 mL/min. 
 
3.6 Preparation of HPEI/2.5sPPSU UF membranes 
Homogeneous dope solutions were prepared by firstly dissolving certain 
amounts of the 2.5sPPSU polymer into NMP and PEG400 mixtures, and then 
adding desired amounts of 25 wt. % of the HPEI/NMP solution. Dope solutions 
were stirred and degassed for about 30 hours before further characterizations or 
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membrane casting. Table 3.5 summarizes the dope compositions of 
HPEI/2.5sPPSU membranes. Dope characterizations include the measurements 
of shear viscosity, coagulation value, phase inversion kinetics and visualization 
of phase inversion via a microscope. Experimental details can be found in 
chapter 3. 
Table 3.5 Dope compositions and their coagulation values 
 
After degassing, the homogeneous dope solution was cast on a glass plate with 
a casting knife at a thickness of 100µm. The as-cast membrane was immediately 
immersed into a tap water coagulation bath, and kept for at least 1 day to ensure 
complete precipitation. Conducted membrane characterizations include 
membrane morphology observations via FESEM and microscope, XPS, zeta 
potential and contact angle measurements on the membrane surfaces, membrane 
porosity, swelling ratio, mechanical property and UF performance. All 
experiments were conducted at room temperature. At least three membrane 
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Chapter 4 Investigation of Double-skinned FO 
Membranes for Boric Acid Permeation0F1 
4.1 Introduction 
Recently, boron has come to the forefront as a possible drinking water 
contaminant. The global average concentration of boron in seawater is 
approximately 4.6 mg/L, while peaks of about 100 mg/L boron have been 
reported on produced water streams [1]. To meet the final user specifications, 
boron-containing wastewater needs to be regulated, and the boron concentration 
in drinking water is suggested to be 2.4 mg/L by the World Health Organization. 
However, boron in the form of boric acid (B(OH)3 or H3BO3, a weak Lewis acid 
of pKa=9.24 [2]) cannot be easily removed by conventional treatments [3]. 
Alternatively, membrane technology is one potential solution; however, its 
removal efficiency still remains a challenge [4]. At neutral pH, boric acid exists 
as an undissociated molecule with zero charge. It has a low molecular weight of 
only 61.8 g/mol, and a tendency to hydrogen bond with the membrane matrix 
[1]. Consequently, commercial brackish water reverse osmosis (BWRO) 
membranes were reported to be ineffective to remove neutral boron with 
rejection ratios less than 65%, while seawater reverse osmosis (SWRO) 
operations can achieve a fair rejection rate of 90% [1, 3, 5]. In the case of 
treating high boron-containing wastewater or obtaining a high water recovery, 
even the permeate of SWRO may not be able to meet the strict requirements of  
boron content. Thus, some RO processes are modified by multi-step approaches 
at evaluated pH or with the aid of boron selective resins [4, 6]. 
                                                 
1 Contents in this chapter has been published: L. Luo, Z.Z. Zhou, T.S. Chung, et al., Environ. 
Sci. Technol., 50 (2016) 7696-7705. 
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As an emerging membrane technology, forward osmosis (FO) has been 
investigated for boric acid permeation at neutral conditions [7-10]. Both 
cellulose-based and thin film composite (TFC) FO membranes have been 
studied [7-10]. The boron passage through FO membranes is significantly 
affected by membrane orientation, water flux, boron permeability of the 
selective layer, structure parameter, as well as the pH value and ion strength of 
feed solutions. However, most laboratory FO membranes can only achieve a 
boron rejection similar to BWRO (≤ 65%) at neutral pH. Considering the 
insufficient boron rejection of a single selective layer, the focus in this study 
lies on specially designed novel double-skinned FO membranes to hinder the 
boron passage and improve the separation performance. 
 
The original concept of double selective FO membranes was invented by means 
of phase inversion of cellulose acetate (CA) solutions cast on glass plates [11]. 
It has been extended to form double selective FO hollow fibers[12] and double 
selective FO flat-sheet membranes consisting of two TFC layers [13], two 
different selective layer materials[14] or layer-by-layer polyelectrolytes [15, 16]. 
These double-skinned FO membranes have shown mitigated internal 
concentration polarization (ICP) [15, 17] and better fouling resistance [14, 18] 
than single-selective FO membranes. Since the former also possesses superior 
boron transport resistance to the latter, this study aims to take the advantages of 
the dual-skin configuration to mitigate boron transport for a higher boron 
rejection. Therefore, double-skinned TFC FO membranes were fabricated and 
their boron flux and rejection performance were investigated. A transport model 
describing boron passage was also derived in order to simulate the experimental 
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results and to understand the science among separation performance, transport 
phenomena and crucial membrane parameters. This work may provide useful 
insights for better FO membrane design to remove trace contaminants in water 
treatment. 
 
4.2 Modeling  
4.2.1 Internal concentration polarization (ICP) 
In FO processes using a single-skinned FO membrane (Figure 2.2), salt 
concentration polarization can happen internally inside the support layer and 
externally on the selective layer [19]. Usually, the ICP is a severer problem than 
the external concentration polarization as the latter may be mitigated by 
increasing the flow rate. Equations (2.12) & (2.15) have been developed to 
model the water flux under ICP in single-skinned FO processes [20-22]. Key 
parameters water permeability coefficient A and salt permeability coefficient Bs 
can be determined by methods described in the previous section. Since the 
osmotic pressure of the bulk feed is very low, πF,m is assumed to be 0 in the AL-
FS mode. Then the solute diffusion coefficient within the porous layer Km,s can 
be calculated from the experimental FO performance according to (2.15). Thus, 
the membrane structural parameter S is obtained by dividing the salt diffusivity 
Ds by Km,s. Since the same membrane substrates and interfacial polymerization 
methods were utilized to fabricate single- and double-skinned membranes in 




4.2.2 Boron transport through double-skinned FO membranes 
An analytical model for boron transport through double-skinned FO membranes 
is derived by combining the solution-diffusion model for the selective layers 
[23] and the diffusion-convection transport in the support layer [24, 25]. A 
schematic of boron transport in a double-skinned FO membrane is shown in 
Figure 4.1. 
 
Figure 4.1 Boron transport in a double-skinned FO membrane 
During FO operations, active layer1 faces the boron feed solution, while active 
layer2 faces the draw solution. Once boron permeates through the active layer1, 
it would be carried by the water flux from the interface to the support layer. Due 
to the retention of boron by the active layer2, boron concentration builds up at 
the interface between the support and active layer2. This phenomenon can be 
considered as the internal concentration polarization (ICP) of boron. Within the 
support, boron transport is dominated by the convection induced by the water 
flow but also affected by the diffusion due to the concentration gradient [24]. 
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At any distance x away from the interface between the support and active layer1, 
the boron flux JB,dx can be expressed as:  
 ,B dx w
dCJ D J C
dx
                                            (4.1) 
where C represents the boron concentration at the distance x, JW is the water 
flux and D is the effective boron diffusion coefficient within the porous layer. 
It is defined as D=DB·ε, where DB is the boron diffusion coefficient and ε is the 
porosity. At steady state, the boron solute flux JB can be expressed as: 
 1 2( ') ( " )B F DJ B C C B C C                                  (4.2) 
where B1 and B2 are the boron permeability of active layer1 and 2, while C’ and 
C” represent the boron concentrations at the interfaces facing active layer1 and 
layer2, respectively. CF is the boron concentration in the feed, while CD is the 





                                                  (4.3) 
In (4.1), the boundary conditions of ICP are taken into consideration: C(0)=C’ 
at x=0; and C(τ)=C” at x=τ (τ is the tortuosity and  is the thickness of 
support layer) [26]. By solving these equations, boron flux JB and boron 
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Here, Km is the mass transfer coefficient of boron within the support, which is 
equal to the ratio of DB to S (the structure parameter): 
ܭ௠ ൌ ஽ಳௌ                                                 (4.6) 
The calculation of Km is based on equations (2.15) and (4.6). As the structural 
characteristics of the membrane support layer , τ and ε are invariant within 
experimental conditions and S is the intrinsic property of the membrane support, 









                                           (4.7) 
For comparison, the passage of boron through the single-skinned TFC 
membrane is also simulated. Figure 4.2 illustrates the boron transports across 
the single and double TFC membranes under different modes.  
 
Figure 4.2 Schematic of boron transport within FO membranes: (A) AL-DS 
mode, (B) AL-FS mode and (C) Double-skinned (DS) mode 
For the special case when the active layer2 does not exist (i.e., a single-skinned 
membrane under the FO operation mode, B2→∞ and 1/B2→0) and the other 

















                                              (4.9) 
On the other hand, in the case of a single-skinned membrane under the AL-DS 
mode, we consider the active layer1 in Figure 4.1 does not exist (B1→∞, 
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In our experiments, the same single-skinned FO membrane was fabricated with 
a TFC layer formed on top of the support, and tested in both AL-DS and AL-
FS modes. The boron permeability coefficient of this selective layer is 
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The results of single-skinned FO membranes modeling have been reported in 
[7]. Table 4.1 lists the modeling equations to calculate the normalized boron 
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flux and boron rejection under these three modes. Experimentally, B1 and B2 
were characterized according to section 3.4.3 and Km was calculated from (4.7). 
Table 4.1 Modeling equations for normalized boron flux and boron rejection 
 
 
4.3 Results and discussion 
4.3.1 As-fabricated FO membranes 
The morphologies of the sPPSU membrane support and the double-skinned FO 
membrane are shown in Figure 4.3, while Figure 4.4 illustrates morphologies 
of single-skinned FO membrane. The membrane substrate exhibits a denser top 
surface with small pores but a relatively porous bottom surface with a thickness 
of around 50µm. Due to the delayed demixing induced by the sulfonated 
material during phase inversion, the as-fabricated membrane substrate displays 
a fully sponge-like structure [27, 28]. The membrane substrate has a pure water 
permeability of 450.7 ± 21.9 LMH bar−1 with a mean pore size of 15.6 nm. Its 
molecular weight cut-off is 94.5 kDa measured by solute rejection 
experiments[27]. In the case of the double-skinned FO membrane, its top and 
bottom TFC layers exhibit similar ridge-and-valley morphologies. However, 
they are different in thickness. The two inserted FESEM images in Figure 4.3 
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enlarge their cross section morphologies. The polyamide thin film on the bottom 
has a thickness of ~750 nm, which is significantly thicker than the top one (~350 
nm). 
 
Figure 4.3 Morphologies of the membrane support and double-skinned FO 
membranes 
 
Figure 4.4 Morphologies of the single-skinned FO membranes 
The difference in layer thickness is probably caused by different interfacial 
polymerization kinetics in both layers. Since the MPD aqueous solution is first 
introduced and absorbed by the membrane support, the MPD monomer would 
diffuse out of the porous support into the organic phase and react with TMC 
when contacting with the TMC solution [29-31]. Thus, the polyamide layer 
grows in protuberances and ridges instead of flat films. Once the thickness of 
1 µm1 µm 10 µm
Top surface Bottom surface Cross section
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the polyamide film reaches a certain limit (ca. 20 nm), the MPD diffusion rate 
drops quickly and the polymerization reaction is terminated [32]. Since the pore 
size and surface porosity of the membrane substrate also affect MPD diffusion 
rate, the termination process would be delayed on the bottom surface, where the 
incomplete coverage of the polyamide films on large pores allows MPD to 
continuously diffuse out for reaction. As a result, layers of protuberances and 
ridges form on the bottom surface, leading to a thick TFC layer. For comparison, 
membrane morphologies of the single-skinned FO membrane are presented as 
below. 
 
The water permeability and salt rejection of TFC layers in the double-skinned 
membrane are characterized separately through permeation cell RO tests. As 
illustrated in Table 4.2, a pure water permeability (PWP) of 1.64 LMH/bar is 
characterized for the TFC layer formed on the top, while the bottom one exhibits 
a lower PWP of 1.19 LMH/bar. The different PWPs of two selective layers 
could be explained by their different polyamide thicknesses (Figure 4.3). Both 
TFC layers have good NaCl rejection rates of ~ 95% but relatively poor boron 
rejections of lower than 45%. Also, the boron permeability coefficients of the 
top and bottom selective layers are calculated based on equation (3.15), and 
represented by B1 and B2, individually. Both layers exhibit much higher boron 
permeability coefficients than NaCl, confirming that boron can pass through the 
membrane more easily and freely. Unlike the hydrated sodium and chlorine ions 
of NaCl in water, boric acid exists as an undissociated molecule with no charge 
at the pH of 6.6. Therefore, the primary separation mechanism for boron 
removal by RO tests is size exclusion. Due to the small size of poorly hydrated 
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boron molecules, size exclusion becomes less efficient, resulting in the poor 
boron rejection and the high boron permeability coefficient.  
Table 4.2 Intrinsic separation properties of membrane selective layers 
 
4.3.2 Experimental FO performance 
Figure 4.5 demonstrates the FO performance of as-fabricated FO membranes 
by adjusting the draw solution concentrations under different operation modes. 
Importantly, AL-DS and AL-FS modes are two operation modes of the single-
skinned FO membrane that comprises a TFC layer on its top surface, while the 
DS mode refers to the double-skinned FO membrane with its top surface facing 
the feed solution. In our study, a 100 ppm boron solution is employed as the 
feed solution, while the concentration of NaCl draw solutions varies from 0.5 
M to 4 M. All water fluxes and reverse salt fluxes rise up as a function of draw 
solution concentration in three modes. Obviously, the AL-DS mode exhibits the 
highest water flux and reverse salt flux under the same NaCl concentration, 
while the DS mode the lowest. Since the double-skinned FO membrane has an 
additional selective layer, the water and salt fluxes are reduced by the greater 





Figure 4.5 Experimental membrane performance of water flux and reverse salt 
flux in different operation modes (Draw solutions: 0.5 M ~ 4 M NaCl, feed 
solution: 100 ppm boron solution (pH 6.6)) 
By using equation (2.15) with aid of FO data, the solute diffusion coefficient 
within the porous layer Km,s is calculated to be 5.51 µm/s, from which the 
structure parameter S is estimated to be 268.4 µm according to (2.14) and a 
known DS from literatures [7]. Then the mass transfer coefficient of boron 
within the support Km is determined to be 5.44 µm/s based on equations 
(4.6)&(4.7). Both single- and double-skinned FO membranes are considered to 
share the same S and Km parameters. The experimentally measured boron flux 
and boron rejection will be illustrated in the following section and compared 
with the modeling results.  
 
4.3.3 Theoretical and experimental boron flux  
As shown in Table 4.1, the feed boron concentration CF directly affects the 
boron flux but has little or negligible influence to boron rejection since the boron 
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concentration here is highly diluted [7, 9, 10]. Figures 4.6 and 4.7 display the 
normalized boron flux (JB/CF) and boron rejection as a function of water flux 
(JW) in FO operations using various draw solution concentrations, respectively.  
The normalized boron fluxes in all operating modes increase with water flux to 
different extent. The increment of JB/CF with JW in the AL-DS mode is the most 
significant, followed by AL-FS and DS modes. This order could be explained 
by the different boron transport behaviors in different operation modes. Under 
the AL-DS mode (Figure 4.2A), boric acid enters the porous support layer from 
the feed, driven by water convective flow and diffusion. However, due to the 
retention by the active layer, boron concentration at the interface of support 
layer and active layer becomes higher than that in the feed, which is reported as 
the concentrative ICP of boron [7]. This elevates the boron concentration 
gradient across the dense layer and thus enhances boron passage. As JW 
increases, the magnitude of ICP grows exponentially, leading to a greater 
Figure 4.6 Experimental and modeled normalized boron flux as a function 
of water flux under various operation modes (Draw solutions: NaCl 
solutions, feed solution: 100 ppm boron solution (pH 6.6)) 
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increment in boron flux. However, in the AL-FS mode, the boron transport is 
mainly influenced by JW and the boron permeability of the active layer. Thus, 
its ௃ಳ,ಲಽషಷೄ஼ಷ  value is less sensitive to JW. In contrast, in the DS mode, when boron 
passes through the active layer1 (Figure 4.2C) and enters into the porous support, 
concentrative ICP occurs due to the boron retention by the second active layer. 
Thus an increasing boron concentration profile from active layer1 to active 
layer2 within the porous layer is established. Consequently, the boron 
concentrations at both interfaces (i.e., C’ and C”) are raised by the ICP effect so 
that the boron concentration gradient across the active layer1 is reduced, 
resulting in a lower boron flux, in comparison to the AL-FS mode. It is 
noteworthy that although the boron concentration gradient across the active 
layer2 is increased, the resulting boron flux across active layer2 is limited by 
the boron flux across active layer1, since the two values must be equal at steady 
state. Hence, the boron flux in the DS mode is always lower than that in the AL-
FS mode. 
 
Interestingly, Figure 4.6 shows that the ௃ಳ஼ಷ values of both DS and AL-FS modes 
are approaching the same plateau as water flux increases further. This 
phenomenon can be explained from their modeling equations of ௃ಳ,ಲಽషಷೄ஼ಷ  and 
௃ಳ,ವೄ
஼ಷ  in Table 4.1. The term exp൫ܬ௪/ܭ௠,஻൯ increases exponentially with JW, so 
that a large JW could bring the two terms ஻భ஻మୣ୶୮൫௃ೢ/௄೘,ಳ൯ and 
஻భ
௃ೈ to approach zero. 
Consequently, the denominators in these two equations approach 1. Thus, at 
high JW values, the normalized boron fluxes of AL-FS and DS modes approach 
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the same limiting value of B1, which is 6.844 LMH or 1.901 µm/s. On the other 







. If JW increases to a certain high value, the term 
exp൫ܬ௪/ܭ௠,஻൯ increases exponentially so that the denominator is dominated by 
the term ஻భ௃ೈ, and then 
௃ಳ,ಲಽషವೄ
஼ಷ ൎ ܬௐ. As shown in the figure, the 
௃ಳ,ಲಽషವೄ
஼ಷ  value 
increases linearly with water flux at high water fluxes. Physically, as Jw 
increases, the water convective flow increases, directly bringing more boron to 
transport into the FO membrane. Then concentrative ICP of boron is further 
enhanced by the convective flow, so the boron concentration gradient across the 
active layer is further elevated, finally increasing boron passage. On the other 
hand, AL-FS mode does not express such concentrative ICP phenomenon. 
While in the DS mode, concentrative ICP of boron also happens within the 
porous layer as boron flux by convective flow increases, but active layer 1 is 
functional in preventing boron from entering, overall resulting in mitigated ICP.  
 
 
Figure 4.7 presents experimental and modeled boron rejections as a function of 
water flux under various modes. The boron rejections in AL-FS and DS modes 
increase with an increase in JW and finally reach almost the same plateau. When 
Jw is small, both active layers play their role in rejecting boron, with little 
influence from concentrative ICP of boron within the support. However, once 
Jw becomes larger, the boron concentration gradient within the support increases 
due to the larger convective flow and ICP of boron, so the rejection contributed 
by active layer 2 is weakened. Thus, the active layer 1 determines the trend of 
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overall boron rejection. On the contrary, the boron rejection in the AL-DS mode 
initially increases with JW, but decreases with a further increment in JW, due to 
the significant boron ICP at high water fluxes. Experimental data match well 
with the model results. The highest boron rejection is 83.9% which is achieved 
under the DS mode at a water flux of 21.9 LMH. To our best knowledge, this is 
the highest rejection ever achieved by experimental FO membranes in neutral 
boron separation as summarized in Table 4.3 with literature data [7-10]. The as-
prepared double-skinned TFC FO membrane demonstrate a higher boron 
rejection than commercial BWRO membranes (rejection ratios ≤ 65%), but 
slightly lower than SWRO membranes (rejection ratios ~ 90%) at neutral pH 
values [1].  
 
Figure 4.7 Experimental and modeled boron rejection as a function of water 
flux under various operation modes (Draw solutions: NaCl solutions, feed 
solution: 100 ppm boron solution (pH 6.6)) 
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Table 4.3 Comparison of FO membranes in boron rejection studies 
 
Among the modeling curves in Figure 4.7, the DS mode seems to always exhibit 
the highest boron rejection under the same JW, while the AL-DS mode has the 
lowest rejection. This trend could be further corroborated by comparing their 
modeling equations. By comparing RAL-FS and RAL-DS, RDS and RAL-FS according 
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For JW>0, the term ଵୣ୶୮൫௃ೈ/௄೘,ಳ൯ is smaller than 1, thus both (4.14) and (4.15) 
are positive, i.e., RAL-FS-RAL-DS>0 and RDS-RAL-FS>0. The magnitudes of RAL-FS, 
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Consistent with our experimental data, the boron rejection rate in the DS mode 
is always the highest, while the one in the AL-DS mode is the lowest under the 
same JW. Overall, the double-skinned FO membrane exhibits better boron 
separation performance; namely, a lower boron flux and a higher boron 
rejection, compared with the single-skinned one. However, deviations still exist 
between the theoretical modelling and experimental data in Figures 4.6 & 4.7. 
This is perhaps due to the uncertainty during the membrane casting, the 
fabrication of TFC layers which were handled manually. Overall, the close 
agreement between experimental and modeling results implies that the newly 
derived model equations could help predict the boron transport behaviors 
through double-skinned FO membranes. In the following section, the effects of 
key parameters on the separation performance of double-skinned FO 
membranes are modelled in order to theoretically simulate and design a better 
double-skinned FO membrane. 
 
4.3.4 Modeling predictions 
According to equation (4.5), the boron rejection of the double-skinned FO 
membrane is affected by JW and its intrinsic properties such as boron 
permeability of each active layer and structure parameter. Theoretically, more 
ideal double-skinned FO membranes should have active layers with lower boron 
permeability (i.e., smaller B1 and B2 values) and a thinner substrate with a higher 
porosity and lower tortuosity (i.e., smaller S parameter). Figure 4.8A~C presents 
the simulated boron rejection as a function of JW by changing B1, B2 and S 
parameters separately. In each figure, only one parameter is reduced to half or 
by 10 times while the other two parameters are invariant. As the boron 
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permeability coefficient decreases from B1 to 0.1B1 in Figure 4.8A, or from B2 
to 0.1B2 in Figure 4.8B, both boron rejection curves shift up and the rejections 
increase with increasing water flux. An ideal rejection of almost 100% could be 
achieved in the case of 0.1B1 in the high water flux region. The influence of S 
parameter on boron rejection is presented in Figure 4.8C. The ICP effects are 
reduced by lowering the S parameter, leading to a higher boron rejection. The 
improvement becomes more pronounced at higher water fluxes. Among the 
three key parameters, the influence of changing boron permeability of active 
layers appears to be more significant than changing the S parameter within the 
experimental range of this study. 
 
Figure 4.8 Predictions of boron rejection of double-skinned FO membranes 
under the influence of (A) boron permeability of the active layer1 B1, (B) 
boron permeability of active layer2 B2, (C) structure parameter S, while (D) is 
the boron rejection difference between DS and AL-FS modes 
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Figure 4.8D compares the boron rejection as a function of water flux between 
double-skinned FO membranes and single-skinned ones under the AL-FS mode. 
The black solid line labeled with “B1, B2 and S” represents the curve simulated 
with parameters obtained from experiments, while the other colored dotted lines 
are generated with one or more parameters decreased by half. As observed, the 
rejection difference between DS and AL-FS modes (i.e., RDS-RAL-FS) is strongly 
dependent on water flux. The highest rejection difference always appears within 
the low Jw range, while the value of RDS-RAL-FS decreases with a further increase 
in Jw. As water flux increases, the rejection rates of both membranes also 
increase and both approach to 1, inevitably leading to a smaller difference. 
Moreover, the ICP of boron within the support under the DS mode becomes 
severer with high water fluxes, which also contributes to the diminished 
difference in rejection rate. On the other hand, the highest rejection difference 
are affected by the modeling variables B1, B2 and S. As B1 is replaced by 0.5B1, 
the value of RDS-RAL-FS is decreased to only 12%, indicating the increased 
similarity of DS and AL-FS operations. Due to the improved boron retention by 
active layer1, most of the boron will be rejected there, making the second active 
layer in the double-skinned FO membrane less important. As a result, the 
double-skinned FO membrane behaves more like a single-skinned membrane in 
the AL-FS mode. When further decreasing B2 to 0.5B2, an enlarged boron 
rejection difference of 20.6% can be achieved.  Since B2 is a special parameter 
of the additional active layer in the DS mode, a reduced B2 particularly increases 
the rejection ability of the double-skinned FO membrane. Moreover, the RDS-
RAL-FS value is further improved to 21.3% when the S parameter is also reduced, 
corresponding to a reduction in ICP effects. Future works should aim to enhance 
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double-skinned FO membranes with a higher boron rejection by improving the 
boron retention ability of active layers and reducing the S parameter of the 
membrane support.  
 
4.4 Conclusion 
In summary, double-skinned FO membranes are proved to be superior in boron 
rejection. However, if operated under the same clean draw /feed solutions (such 
as NaCl solution/boron feed in this study), DS FO membranes naturally exhibit 
lower water flux than single-skinned ones, due to the additional skin layer. But 
it is worth noting that DS membranes are reported to have similar or higher 
water flux when dealing with viscous draw solutions [13] or foulant-containing 
feed solutions [15]. The skin layers on both sides of the membrane could help 
to prevent the clogging or penetration of foulants into the support layer. Also, 
organic fouling (e.g. alginate fouling) during FO is reported to have no 
discernible influence on boron rejection [8]. Thus, double-skinned FO 
membranes are not necessarily more energy-intensive or having low separation 
efficiency, but could be promising in providing both high boron rejection and 
good water flux when treating high fouling tendency solutions, which requires 
further efforts to explore. 
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Chapter 5 TBF UF Membranes Fabrication and Their 
Application in Oil/Water Separation1F2 
5.1 Introduction 
When sulfonated materials are fabricated into hollow fiber membranes, their 
low mechanical strength limits the wider applications of those membranes in 
filtration. And the membranes become much softer and weaker when the 
polymer sulfonation degree increases. In Tang’s work, 1.5sPPSU has been 
designed into single-bore HF UF membrane, the as-fabricated HF has a water 
flux of ~500 LMH/bar but relatively poor mechanical property to test at only 
0.6 bar [1]. While in Zhong’s work, single-bore HF membranes made from 
1.5sPPSU and 2.5sPPSU could stand a transmembrane pressure of 1 bar but 
they exhibited lower UF water fluxes of less than 240 LMH/bar [2]. In order to 
make sPPSU HF membranes with both good mechanical property and water 
permeability, multi-bore configuration (i.e., tri-bore geometry) is adopted since 
the unique structure of MBF membranes dramatically improves tensile rigidity 
in both axial and radial directions if compared with single-bore fiber.  
 
In this chapter, firstly, spinning parameters were manipulated to make the fiber 
wall thickness more uniform and improve the water permeability, resulting in 
novel triangular tri-bore geometry. Based on that, TBF UF membranes were 
developed from sPPSU polymers with different sulfonation degrees, which 
exhibited good mechanical strength and water permeability. Further 
                                                 
2 Contents in this chapter has been published: L. Luo, G. Han, T.S. Chung, et al., J. Membr. Sci., 
476 (2015) 162-170. 6, and P. Wang, L. Luo, T.S. Chung, J. Membr. Sci., 452 (2014) 212-218. 
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investigations were carried out by applying TBF sPPSU UF membranes into 
oily wastewater treatment, and their fouling behaviors were systematically 
investigated. 
 
5.1.1 Tri-bore hollow fiber membranes 
As illustrated in Figure 5.1A, the shape of current TBFs consists of a round-
shape outer geometry. The drawbacks of this geometry are (1) the wall thickness 
is not uniform and (2) the thinner part of the membrane wall suffers as the 
mechanically weak point while the thicker part generates additional mass 
transfer resistance. Therefore, we aim to fabricate a novel tri-bore hollow fiber 
with round-shape inner bore channels but a triangle-shape outer geometry in 
this work. As demonstrated in Figure 5.1B, the proposed geometry exhibits a 
much more uniform wall thickness, which could consistently balance the 
mechanical strength and reduce mass transfer resistance in the radial direction. 
In addition, it is anticipated that very different behaviors in module fiber 
packing, flow distribution and inorganic/organic fouling may be observed when 
using these triangle hollow fibers [3-5].  
 
 





Figure 5.2 Illustrations of one possible arrangement of triangle geometry tri-
bore hollow fibers within a membrane module 
Other advantages of triangle tri-bore HF membranes may include a unique 
variety of packing configurations. One of them is illustrated in Figure 5.2. By 
choosing a different packing arrangement, it may result in a higher packing 
density and a higher flux. Further studies may be focused on packing design and 
flow pattern. 
 
5.1.2 Oily wastewater treatment via UF 
Oily wastewater generated by various industries and domestic sewage becomes 
a major ecological problem worldwide. Wastewater streams from onshore and 
offshore oil and gas wells are the largest sources of oily wastewaters [6]. Around 
21 billion barrels of wastewater are generated annually by the hydraulic 
fracturing operations in the United States [7]. Thus, the treatment of oily 





Oil existing in oily wastewater can be classified into three types; namely, free-
floating oil, unstable and stable oil/water emulsions [8]. Free-floating oil and 
unstable oil/water emulsions can be readily removed by conventional separation 
methods such as flotation and/or skimming [9]. However, those stable 
emulsions containing micron or submicron size droplets need to be de-
emulsified before treatment. Unfortunately, conventional de-emulsification 
methods such as chemical coagulation and thermal treatment cannot break the 
emulsions effectively. They also fail to produce clean water with minimal 
hydrocarbon content when dealing with low-concentration finely dispersed oil 
emulsions [10]. To solve these problems, membrane separation technology 
offers a promising solution for the treatment of such stable emulsions. 
 
Ultrafiltration (UF) membranes with pore sizes between 0.001 ~ 0.1 µm are able 
to treat oil-water emulsions and produce high-quality permeate with low energy 
consumption and small-footprint [11]. Typical filtration processes for 
emulsified oily wastewater can reach an oil rejection rate of 80% ~ 99% [12]. 
However, membrane fouling is a major challenge in UF processes. Fouling not 
only increases the frequency of membrane cleaning and energy expenditure but 
also potentially requires large membrane area or frequent membrane 
replacement to maintain the productivity [11, 13]. Therefore, developing UF 
membranes with minimal fouling is an emerging trend. So far most commercial 
UF membranes are made of hydrophobic polymers, which would be 
aggressively fouled by the emulsified oily wastewater [14]. Theoretically, 
hydrophilic surfaces tend to bind a thin layer of water molecules, hindering the 
adhesion of hydrophobic foulants [13, 15]. Therefore, countless researches have 
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been conducted on membrane materials, polymer blends and surface 
modifications to increase surface and/or bulk hydrophilicity.  
 
Among them, blending hydrophilic polymers such as polyvinylpyrrolidone 
(PVP) and/or polyethylene glycol (PEG) into polymeric membranes is widely 
utilized [9, 10]. Also, membrane hydrophilicity can be significantly enhanced 
when a sulfonated polymer is incorporated into the polymer matrix such as 
blending sulfonated polycarbonate with polyvinylidene fluoride (PVDF) [16] 
and sulfonated poly(ether ether) ketone with polysulfone (PSf) [17]. In addition, 
surface modification is commonly employed to amend surface properties of 
hydrophobic membranes [18]. For instance, hydrophilic polydopamine (PDA) 
and poly-dopamine-g-poly(ethylene glycol) coatings were conducted on the 
surface of PSf UF membranes [14, 19] and FO membranes [20]. Surface 
grafting was also widely conducted such as in situ grafting PEG 200 onto 
cellulose acetate (CA) UF membranes [21], and grafting polyzwitterions onto 
polyamide membranes with excellent antifouling capability [22]. Sulfonation of 
a hydrophobic polymer is another method to render a polymer with 
hydrophilicity. For example, a highly sulfonated PES was synthesized to 
separate proteins [23], and a sulfonated poly(ether ketone) (SPEK) polymer was 
blended with PSf to increase membrane hydrophilicity [24, 25]. 
 
5.1.3 Objectives 
In the first part of triangular tri-bore hollow fiber membrane fabrication, our 
objectives are (1) to reveal the fundamental science and engineering of 
designing triangle-shape tri-bore hollow fibers and (2) to investigate the basic 
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relationship among spinning conditions, membrane morphology, mechanical 
strength, pore size distribution and UF performance. Two different materials; 
namely, Matrimid® and PES, were chosen to demonstrate the technology. We 
believe the fundamental study may provide useful implications towards tri-bore 
membranes with better performance, improved resistance in harsh operation 
environments and easy module preparation.   
 
In the second part of triangular TBF UF membranes for oil/water separation, 
triangle-shape TBF UF membranes were fabricated from sPPSU polymers with 
different sulfonation degrees for oily wastewater treatment. In addition to study 
the membrane formation for triangle-shape TBF by manipulating spinning 
parameters, we aim to investigate their UF performance and fouling behavior 
for oil/water separation. A resistance-in-series model was employed to analyze 
membrane resistance as a function of sulfonation degree. This part of work may 
provide useful insights for the development of better UF membranes to treat 
oily wastewater.  
 
5.2 Spinning studies of TBF UF membranes with triangle geometry 
5.2.1 Morphologies of the developed hollow fibers 
The fabrication of tri-bore hollow fiber membranes was first conducted using 
dry-jet wet phase inversion methods. Figures 5.3~5.7 show their morphologies 




5.2.1.1 Triangle shape tri-bore hollow fiber 
Figure 5.3 depicts the cross-section and surface morphologies of the tri-bore 
triangle hollow fiber with an ID of TBF3. The cross-section has a center-
symmetric triangle shape outer geometry and 3 regular round shape inner bore 
channels. The membrane TBF3 has a uniform wall thickness around 100 µm 
and the three bore channels are inter-connected to enhance mechanical stability 
[26-29]. Unlike the conventional multi-bore fiber with a non-uniform wall 
thickness [30, 31], the thickness between bore channels and the outer wall of 
the newly developed tri-bore membrane is uniform. The fiber has a sponge-like 
structure at the cross-section because: (1) the Matrimid® polymer dope was 
prepared with a formulation close to the gelation point where a sponge-like 
structure can be formed via spinodal decomposition [32]; and (2) a strong bore 
fluid with the addition of viscous DEG was employed as the bore fluid which 




could induce immediate phase inversion but retard nonsolvent intrusion [33]. 
Since the fiber has an inner surface consisting of sub-micrometer pores and an 
outer surface comprising bigger pores, this membrane has an inner selective 
layer and may be suitable for UF applications under the inside - out 
configuration.  
 
5.3.1.2 Hypothesis verification on triangle geometry formation 
Figure 5.4 elucidates the proposed mechanism for the formation of triangle-
shape tri-bore hollow fibers. Like all dry-jet wet spinning processes, the phase 
inversion process takes place via two paths; namely, from both lumen and shell 
sides of the nascent tri-bore fibers. At the first stage, a rapid phase inversion can 
be observed owing to the employment of a close-to-gelation polymer formula 
and a strong bore fluid. As a result, the formation of 3 round bore surfaces takes 
place immediately after the dope is extruded from the spinneret. This finding 
can be verified by the image taken during the fiber spinning where a clear color 
change can be observed at the air gap region, as illustrated in Figure 5.4. Once 
the nascent membrane is extruded from the tri-bore blossom spinneret and 
enters the air gap region, it tends to swell up from its original blossom shape 
due to the viscoelastic properties of the polymer solution [34]. Hence at the 
second stage, the shape of the nascent fiber tends to re-arrange and expand its 





Figure 5.4 The hypothesized mechanisms for the formation of triangle-shape 
tri-bore hollow fibers 
At the final stage, contour rearrangement takes place in order to balance the 
stresses among the inner surface, outer surface, die swell and elongation force. 
Since the 3 bore surfaces form rapidly, there is a tension force on the formed 
inner surface because of the rapid phase inversion and inner surface shrinkage 
caused by the release of dope solvent and non-solvents. On the other hand, the 
swollen and slowly phase-inversed outer surface also undergoes shrinkage 
because of the outflow of solvent and non-solvents. As shown in Figure 5.4, 
under certain conditions (will be discussed later), the net effect of these stresses 
is to stretch the slowly phase-inversed outer surface into a triangle geometry 
around the 3 rigid bore channels. As compared with conventional spinnerets 
with a round shape, it is believed that the utilization of blossom shape spinnerets 
may promote the formation of triangle geometry. Yet further experiments are 




Figure 5.5 The SEM images of the TBF4 PES membrane 
As can be seen from Figure 5.5, a triangle shape PES hollow fiber can also be 
formed with a similar design strategy. Similar with the Matrimid® dope, the PES 
polymer dope was prepared as close to the gelation point, and a strong bore fluid 
was used to induce the immediate phase inversion. Slightly different from 
Matrimid®, the gelation point of PES was much higher and high content of 
PEG400 and water were added into the polymer solution. These may be the 
causes that the PES tri-bore fiber is not as triangle as the Matrimid® membrane. 
Other spinning parameters have to be adjusted. 
 
5.2.1.3 Effect of spinning parameters 
Figure 5.6 shows the geometrical evolution of tri-bore fibers from a round shape 
to a triangle shape by reducing the dope flow rate. The membrane TBF1 with a 
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dope flowrate of 5 ml/min exhibits a round shape outer surface, while the 
membrane TBF3 with 3 ml/min shows a triangle shape geometry. This 
revolution is probably due to the stress balance among die swell, surface tension, 
and surface shrinkage. At a higher dope flow rate, the effect of die swell 
dominates the balance and thus forms a round shape. At a reduced dope flow 
rate, the tension force becomes dominant and the triangle shape is therefore 
formed. 
 
Figure 5.6 The SEM images of Matrimid® tri-bore hollow fiber membranes 
using different dope compositions 
Previously, Widjojo and Chung reported that the macrovoid formation in 
hollow fibers is closely related to the nascent fiber thickness, and a thin fiber 
wall could suppress the macrovoid formation [35]. A similar phenomenon is 
observed in the cross-sections of tri-bore hollow fibers. Macrovoids are formed 
at the thicker regions of the round shape membranes TBF1 & TBF2, while a 
sponge-like structure is formed at the entire cross-section of the triangle 




Figure 5.7 The SEM images of tri-bore Matrimid® hollow fiber membranes 
using different dope compositions and take-up speeds 
Figure 5.7 shows the SEM images of tri-bore Matrimid® hollow fiber 
membranes spun under Table 3.4 conditions as functions of polymer 
composition and take-up speed. Instead of using DEG/water/NMP, a mixture of 
NMP/water was utilized as the bore fluid, the resultant fibers are full of finger-
like macrovoids starting from the inner surfaces. This is due to the fact that the 
NMP/water mixture is more fluidic and easier to induce the bore fluid intrusion 
than DEG/water/NMP [36]. At the free fall speed, fibers spun from both dopes 
exhibit an outer geometry between triangle and round shapes. However, when 
the take-up speed is increased to 150% of the free fall speed, the fiber spun from 
the higher polymer concentration becomes a more regular triangle shape, while 
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the fiber from the lower polymer concentration collapses and forms oval shape 
bore channels. This is due to a weaker inner surface region because a lower 
polymer concentration is employed in the spinning dope. At both circumstances, 
round inner surfaces are formed immediately after the solution exiting from the 
spinneret. However, the bore channels spun from a low polymer concentration 
deform into an oval shape under stresses from the collection drum.   
 
5.2.2 Membrane Characteristics & UF performances 
Table 5.1 summarizes the characteristic properties of the TBF3 fiber. Like a 
typical UF membranes [37-40], the membrane has a mean pore size of ~18 nm, 
a MWCO of 250k and a high porosity of around 78%.  However, the new fiber 
can withstand a maximum load of 12.2 ± 0.6 N, which is much better than those 
of single-bore fibers [41].  
Table 5.1 Characteristics of the tri-bore Matrimid® hollow fiber TBF3 
 
Table 5.2 tabulates the PWP, burst pressure and mechanical properties of tri-
bore hollow fiber membranes spun under Table 1 conditions. Figure 5.8 A plots 
the trade-off relationship between PWP tested at 1 bar and burst pressure as a 
function of dope flow rate (and fiber geometry). The PWP increases 92% while 
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the burst pressure only decreases 26% when the tri-bore fiber changes from a 
round shape to a triangle shape with a reduced dope flow rate. These findings 
quantitatively demonstrate the advantages of triangle fibers over traditional 
round shape fibers. Clearly, the triangle fiber has an improved balance between 
the mass transfer properties and fiber strength owing to the uniform wall 
thickness.  
Table 5.2 PWP, burst pressure and mechanical properties of tri-bore 
Matrimid® hollow fiber membranes with different geometries 
 
Figure 5.8 B also shows the fiber maximum load as a function of dope flow rate 
(and fiber geometry). Even though the cross-section area of the polymeric 
region decreases about 40% from a round fiber to a triangle fiber, the maximum 
load decreases only 31%. This is due to the fact that the maximum load is 
affected by both tensile strength and polymeric cross-section area. As shown by 
the SEM images in Figure 5.2, the triangle fiber has a better tensile strength than 
the round fiber because the former has a sponge-like cross-section structure 
which eliminates the mechanically weak points (macrovoids), while the latter 
has macrovoids formed at the thicker region of the round shape tri-bore fiber. 
In addition, the triangle fiber has a higher ratio of inner surface region to the 
fiber cross-section area than the round fiber. Since the rapid phase-inversion 
inner-skin region is stronger than other cross-section regions [33, 42], the 





Figure 5.8 The PWP, maximum load and burst pressure of tri-bore Matrimid® 
hollow fiber membranes spun from different dope flow rates 
 
5.2.3 Summary 
In this section, triangle shape tri-bore hollow fibers can be fabricated with a 
combination of a tri-bore blossom spinneret and adequate spinning parameters. 
Two polymer materials have been employed to form triangle fibers and the 
fundamental science and engineering to fabricate triangle-shape tri-bore hollow 
fibers have been demonstrated. The employment of a strong bore fluid, close-
to-gelation dope formula and higher take-up speed favors the formation of 
triangle shape fibers. Comparing to the round shape tri-bore fiber, the triangle 
fiber exhibits improved balance properties towards water permeation and 
mechanical strength for UF applications. The following section will investigate 
the fabrication of TBF UF membranes based on different sulfonation degrees 




5.3 TBF UF membranes for oil/water separation 
5.3.1 Characterizations of the TBF UF membranes 
The morphologies of the as-spun TBF UF membranes spun from PPSU and two 
sPPSU are presented in Figure 5.9, the spinning conditions were list in Table 
3.5.  
 
Figure 5.9 Morphologies of the newly developed TBF UF membranes under 
different spinning conditions 
All TBFs have a triangle shape with three round inner bores evenly distributed 
in the center. As demonstrated in the previous section [43, 44], key spinning 
parameters to fabricate triangle-shape TBFs include strong bore fluid, close-to-
gelation dope formula, high take-up speed as well as stresses balance among die 
swell, surface tension, gravity and elongational forces [43, 44]. As for 
membrane morphology, the PPSU TBF membrane is full of finger-like 
macrovoids across the entire wall resulting from instantaneous demixing and 
non-solvent intrusion [45, 46]. Whereas, the TBFs fabricated from1.5sPPSU 
and 2.5sPPSU possess almost fully sponge-like structure due to slow 
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precipitation rates of hydrophilic sulfonated polymers [47, 48]. The sponge-like 
structure is desirable for membrane filtration because it offers better long term 
performance stability. As for surface and cross-section morphologies, all TBFs 
have a relatively denser inner surface with smaller pores when comparing with 
the porous outer surface, while TBFs spun from sPPSU have a finer pore 
networking than those from PPSU.  
Table 5.3 Geometry properties and mechanical properties of TBF UF 
membranes 
 
Table 5.3 summarizes the diameters and physical properties of these TBFs.  An 
increase in wall thickness and fiber diameter is observed as the degree of 
sulfonation increases. This is due to the fact that the higher sulfonation degree 
results in the slower phase inversion rate. As a consequence, the resultant TBF 
has a thicker wall and a bigger outer diameter. A similar phenomenon was 
observed in the fabrication of round-shape single bore hollow fibers [2]. In 
terms of mechanical properties, TBFs spun from sPPSU have reasonable 
properties but not as strong as those from PPSU. The 2.5sPPSU TBF has the 




The pure water permeability (PWP) and pore size characteristics of the as-spun 
TBF UF membranes are tabulated in Table 5.4. The PWP follows the order of 
PPSU > 1.5sPPSU > 2.5sPPSU even though sPPSU TBFs have smaller water 
contact angles than PPSU ones. This may arise from the fact that the PPSU TBF 
has a thinner wall and numerous macrovoids across the entire wall (Figure 5.9). 
As a result, it has a smaller resistance for water transport, leading to its highest 
PWP. Besides, sPPSU TBFs have thicker wall thicknesses with hydrophilic 
nature vulnerable to water-induced swelling, these characteristics may retard 
water transport [48]. As a result, 2.5sPPSU TBFs possess a lower PWP than 
1.5sPPSU ones even though their MWCO follows the sequence of 2.5sPPSU > 
1.5sPPSU > PPSU. This order is consistent with previous reports that the 
sulfonic group induces delayed demixing and leads to membranes with a 
relatively higher porosity and larger pore size [47, 48].  
Table 5.4 Summary of mean effective pore size, PWP, MWCO of TBF UF 
membranes 
 
5.3.2 Ultrafiltration performance 
5.3.2.1 Determination of critical and threshold fluxes 
The critical flux is the maximum water flux with negligible or slight fouling. As 
introduced in the chapter 2, there are two forms of critical flux; namely, strong 
form and weak form. The difference between them is the severity of adsorption 
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fouling Rads, which is negligible in the strong form of critical flux [49]. Figure 
5.10 shows the permeate flux decline caused by foulant adsorption. Obviously, 
flux decreases significantly after being exposed to the oily foulant under no 
pressure. This decline is mainly due to surface adsorption which occurs 
spontaneously in the absence of permeate flux. It is different from those declines 
caused by reversible and irreversible fouling because of the involvement of 
convective flow across the membrane [9].  
 
Figure 5.10 Permeate flux decrease of TBF UF membranes caused by foulant 
adsorption 
After 20 min of pure water washing, the pure water fluxes for PPSU, 1.5sPPSU 
and 2.5sPPSU TBFs have 54.5, 28.5 and 13.7% declines, respectively. With the 
degree of sulfonation increases, static adsorption becomes less severe, 
indicating that the foulant and membrane surface are less interacted. However, 
the influence of static foulant adsorption on flux decay still cannot be ignored 
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and thus the weak form of critical flux is considered in this study for these three 
membranes. 
 
Figure 5.11 (A) ~ (C) Results of pressure stepping experiments and (D) ~ (F) 
pressure-flux profiles for TBF UF membranes (feed: 5000ppm oil/water 
emulsion) 
The critical flux and threshold flux can be obtained from the flux-pressure 
profile through pressure stepping experiments [50, 51] as illustrated in Figure 
5.11 (A) ~ (C). In each flux-pressure profile of Figure 5.11 (D) ~ (F), there are 
three linear regressions, marked as A, B, and C. The two intersections of these 
3 regression lines correspond to the critical flux (Jc) and threshold flux (Jt) [9]. 
Since the critical fluxes of these three TBF membranes appear at 0.1 ~ 0.2 bar, 
negligible fouling can only exist under very low pressure operations. A low and 
nearly constant rate of fouling occurs when flux is increased above Jc but below 
Jt. Above the threshold flux Jt, a distinguish regime of rapid fouling appears. 
Because the threshold fluxes of TBFs follow the order of 1.5sPPSU (183.2 
LMH) > 2.5sPPSU (90.7 LMH) > PPSU (80.5 LMH), sPPSU TBFs would have 
higher water fluxes than PPSU ones under the same degree of fouling. In 
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addition, the former could display less fouling than the latter when operating 
under the same permeate flux [49]. These favorable characteristics may suggest 
that sPPSU TBFs are more applicable for UF filtration in the water industry 
because of potentially higher fluxes and less frequency of membrane cleaning. 
 
5.3.2.2 Permeate flux decline and total membrane resistance 
To investigate the flux decline during UF operations, the newly developed TBF 
UF membranes were firstly tested using pure water as the feed under a 
transmembrane pressure of 1 bar. After 5 min, the feed tank was changed to an 
oil emulsion containing 5,000 ppm petroleum. The normalized permeate flux 
declined rapidly and significantly within the first 20 min due to fouling, as 
depicted in Figure 5.12 (A).  
 
Figure 5.12. (A) Water permeate flux decline and (B) total resistance increase 
of TBF UF membranes (feed: 5000 ppm petroleum/water emulsion, pressure: 
1 bar, flow rate: 300mL/min) 
Then steady states were achieved because the feed concentration was kept 
constant during the filtration. The normalized flux was calculated by dividing 
the permeate flux to its initial value.  A comparison of normalized fluxes 
indicates that the percentage of flux decline follows the order of PPSU (82.1%) > 
1.5sPPSU (54.7%) > 2.5sPPSU (45.2%). Interestingly, this trend opposites the 
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order of sulfonation degree. Clearly, TBF membranes spun from a polymer with 
a higher degree of sulfonation have a less flux decline and membrane fouling.  
 
Figure 5.12 (B) shows the normalized total resistance as a function of permeate 
volume per unit membrane area by using equation (2.22) and assuming the 
permeate viscosity equal to that of pure water at 25˚C because of the high 
rejection of the membranes. All membranes foul immediately after the 
introduction of the oily feed. As a consequence, fluxes decline and the degree 
of decline increases with an increase in filtration amount because of the rise in 
resistance for water transport. Comparing the normalized total resistances of 
these TBFs, one can find that the total resistance of the PPSU TBF membrane 
jumps to 5.7 times, while the sPPSU ones only increase to 1.7 ~ 2.2 folds. 
Clearly, the non-sulfonated PPSU TBF membrane has the highest fouling 
tendency among these three membranes.  
 
5.3.2.3 Analysis of membrane resistances 
By comparing critical fluxes and operational fluxes, the membrane resistance, 
reversible and irreversible resistances of these TBF UF membranes can be 
calculated using equations (3.18) ~ (3.21) as well as (2.20) or (2.21) of chapter 
2. Figure 5.13 (A) and (B) displays the total and individual resistances as a 
function of membrane material before and after normalization, respectively. 
The PPSU TBF membrane has the greatest total resistance, while the 1.5sPPSU 
one has the smallest. When comparing individual resistances, the membrane 
resistance (Rm) is the most dominant resistance in 1.5 and 2.5sPPSU membranes. 
In contrast, reversible and irreversible fouling resistances contribute mostly to 
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the total resistance of the PPSU membrane. Interestingly, the irreversible 
fouling resistance (Rir) of the 2.5sPPSU membrane is unnoticeable, indicating 
fouling caused by permanent pore plugging is negligible for this highly 
hydrophilic membrane. After normalization (Figure 5.13 (B)), membrane 
resistance (Rm) of the PPSU membrane becomes a smaller weightage (17.4%) 
in total resistance than those of sulfonated ones (45.0% and 58.0%). While the 
weightages of adsorption fouling and irreversible fouling in total resistance 
become unimportant for the sPPSU membranes. For instance, Rads and Rir are 
only 10.9% and less than 1% of the total resistance respectively for 2.5sPPSU 
TBFs, while they are 20.8% and 27.4% respectively for PPSU TBFs. This 
phenomenon indicates that TBFs spun from sulfonated PPSU polymers have 
distinctive resistance compositions from un-sulfonated ones. In addition, the 
combined influence of surface adsorption and irreversible fouling is reduced 
with an increase in sulfonation degree.  
 
Figure 5.13 (A) The calculated membrane resistances and (B) normalized 
resistances of TBF UF membranes (feed: 5000 ppm petroleum/water 
emulsion, pressure: 1 bar, flow rate: 300mL/min) 
It is worth noting that the problem of irreversible membrane fouling is 
particularly significant in the oil water separation. The irreversible decline of 
membrane performance is often caused by the strong physisorption and/or 
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chemisorption of solutes onto the membrane surface and into its pores [52]. 
Cleaning of irreversibly fouled membranes requires harsh chemical or high 
temperature thermal treatments, which however, still cannot fully recover the 
initial membrane performance. Moreover, irreversible fouling could become 
more severe with each additional treatment and cleaning cycle due to further 
adsorption of foulants [53]. Thus, it is meaningful to fabricate UF membranes 
from materials with less irreversible fouling tendency. In this study, after 
sulfonating the PPSU polymer, the interaction between membrane material and 
oil changes, resulting in less permanent adsorption. As a result, the membrane 
resistance composition changes during filtration and the resistances Rads and Rir 
are reduced. In summary, the newly developed sulfonated PPSU TBF 
membranes are advantageous in terms of low total membrane resistance, high 
permeate flux, less fouling tendency and reduced frequency of cleaning.  
 
5.3.2.4 Effects of oil concentration and membrane rejection to emulsion 
Figure 5.14 (A) shows the permeate flux as a function of feed oil concentration. 
Four oil/water emulsions with different oil concentrations were investigated; 
namely, 0 ppm (pure water), 500 ppm, 5000 ppm and 50,000 ppm. All UF 
experiments were carried out for 1 hour using fresh TBF UF membranes. As 
expected, the permeate flux drops as the feed oil concentration increases 
because the higher the oil concentration, the severer the oil layer formed on the 
membrane surface [54]. The additional oil layer becomes extra resistance for 
water transport and leads to a lower permeate flux. In terms of permeate flux, 
the TBF UF membranes follow the order of 1.5sPPSU > 2.5sPPSU > PPSU. 
Consistent with previous analyses, the membrane spun from 1.5sPPSU has the 
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highest flux because it has the lowest total membrane resistance. After 
normalization by the initial pure water flux, Figure 5.14 (B) shows that the 
membrane spun from hydrophilic 2.5sPPSU exhibits the smallest flux reduction, 
while the PPSU membrane displays the largest decline in permeate flux. For 
comparison, pure water filtrations through fouled TBF membranes were also 
conducted and marked as “Water*” after filtrating a 5000 ppm oil emulsion for 
1 h and then 30 min pure water washing. Clearly, the pure water permeate fluxes 
of all TBF membranes drop, caused by the irreversible fouling within and on 
the membranes. Un-sulfonated PPSU exhibits the smallest flux recovery (25.5%) 
while sPPSU TBFs display much less declines and higher recovery (60.3% and 
84.1% for 1.5sPPSU and 2.5sPPSU). This indicates that a simple cleaning 
method is quite helpful to regenerate the sPPSU membranes, but insufficient for 
the PPSU one. These results further prove that sPPSU membranes are less 
fouled and easier to clean. 
 
Figure 5.14 (A) Water permeate flux and (B) normalized permeate flux by 
pure water flux of different feed concentrations (pressure: 1 bar, flow rate: 
300mL/min, Water: the filtration of pure water via clean membranes, Water*: 





Figure 5.15 Comparison of petroleum/water emulsion feed and filtrated 
permeate solutions 
Water permeates after filtration are very clear with low turbidity, as shown in 
Figure 5.15. Table 5.5 tabulates the organics rejections measured by TOC. All 
UF membranes have TOC rejections higher than 95.4%. Considering the low 
turbidity of permeate and its tendency to foam, large part of the organic content 
in the permeate is the surfactant instead of oil. Similar results were reported 
elsewhere [53, 55]. Therefore, all TBF UF membranes have high oil rejections 
and able to produce almost oil-free permeate. 
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Table 5.5 TOC rejections of TBF UF membranes 
 
5.3.3 Summary 
In this section, triangular TBF UF membranes have been developed using PPSU 
polymers with different sulfonation degrees and used for oil/water separation. 
Membrane properties, separation performances and fouling behaviors were 
systematically investigated. The following conclusions can be further drawn:  
1) TBF UF membranes with a triangle configuration were successfully 
developed by employing a dual-layer tri-bore spinneret. Sulfonated TBFs have 
higher porosity, wettability and larger MWCOs than non-sulfonated ones. 
2) Surface adsorption experiments suggested that all TBFs possessed 
characteristics of weak form critical fluxes. Pressure stepping experiments were 
further conducted to determine their critical and threshold fluxes. Sulfonated 
PPSU TBFs show low fouling tendency and high threshold fluxes. 
3) All membranes show great increases in total membrane resistance and rapid 
flux drops when filtrating a 5000 ppm oil/water emulsion. However, sulfonated 
PPSU TBFs exhibit higher permeate fluxes, lower flux declines and smaller 
changes in total resistance. 
4) The resistance-in-series model was utilized to analyze individual membrane 
resistances. Clearly, sulfonation changes PPSU physicochemical properties, 
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leading to different resistance compositions and directly minimizing the 
influence of surface adsorption and irreversible fouling. 
5) The permeate flux decreases with an increase in feed oil concentration. The 
1.5sPPSU TBFs always show the highest flux, while 2.5sPPSU ones exhibit the 
smallest reduction in normalized flux. Besides, all membranes have high TOC 
rejections as high as 99.2%. 
 
5.4 Conclusion 
In this chapter, sPPSU materials with various sulfonation degrees have been 
successfully fabricated into tri-bore hollow fiber UF membranes. Firstly, 
spinning parameters were manipulated to make the TBF wall thickness more 
uniform and improve the membrane water permeability, leading to a novel 
triangular outer geometry. Key spinning parameters include a strong bore fluid, 
close-to-gelation dope formula and high take-up speed. Based on that, triangular 
PPSU and sPPSU TBF UF membranes were developed and exhibited improved 
balance properties towards water permeation and mechanical strength. The 
sulfonation degree of the polymer influences the UF membrane properties and 
the fouling behaviors during the oily water treatment. 
(1) Membrane structure: sulfonated TBFs are characterized to have a sponge-
like structure with higher porosity, wettability than non-sulfonated ones, which 
possess finger-like macrovoid cross section. 
(2) Separation properties: sulfonated TBFs have lower water permeability and 
larger MWCOs, weaker mechanical strength than non-sulfonated ones. 
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(3) Fouling behaviors: when filtrating 5000 ppm oil emulsion, sulfonated TBFs 
show lower fouling tendency, flux declines but higher threshold fluxes, 
permeate fluxes than pristine PPSU TBFs.  
Clearly, polymer sulfonation presents different physicochemical properties to 
the UF membrane, leading to different resistance compositions and directly 
minimizing the influence of surface adsorption and irreversible fouling when 
filtrating oil/water emulsions. With acceptable mechanical strength, sulfonated 
material exhibits promising anti-fouling behaviors. And a lower degree of 
sulfonation (e.g. 1.5sPPSU) may be favored due to its higher permeate flux than 
2.5sPPSU and acceptable anti-fouling properties. 
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Chapter 6 Effects of Molecular Interaction between 
sPPSU and HPEI Polymers on UF Membrane 
Formation2F3 
6.1 Introduction 
Highly sulfonated polymers usually have problems of high water swelling ratios 
that readily compromise their mechanical strength and water permeability [1]. 
Many efforts have been devoted to improve the mechanical property and 
morphological stability of sulfonated membranes. Among them, acid/base 
polymer blends could be considered as one of the promising strategies [6, 7]. 
The concept of acid/base polymer blends relies on blending an acidic polymer 
(e.g., sPPSU) with a basic polymer (e.g., hyperbranched PEI (HPEI)), where 
ionic acid/base crosslinks are formed by proton transfer from the acidic group 
to the basic group [8, 9]. As the acidic functional groups are neutralized by the 
basic groups, an inner polysalt between the two types of polymers is formed by 
means of electrostatic interaction or coulomb interaction. Although such cross-
linking may not be strong compared to covalent bonds, improved swelling 
resistance, mechanical and thermal stabilities have been reported in earlier 
studies, such as cation-exchange membranes made by blending sPEEK or sPSf 
polymers with PBI or PEI polymers [6, 8]. Because of intermolecular ionic 
crosslinking, the membranes exhibited lower water uptake, higher mechanical 
and thermal stability, and adjustable ion conductivity. Today, different types of 
acid/base blend membranes have been developed in the field of ion-exchange 
                                                 
3 Contents in this chapter has been published: L. Luo, T.S. Chung, M. Weber, et al., accepter by 
J. Membr. Sci. in Nov 2016. 
155 
 
membranes [9]. This approach has also been extended to the fabrication of 
pervaporation membranes for methanol dehydration [10], and hydrogel 
membranes for biomedical purposes [11].  
 
Figure 6.1 Ionic crosslinking between 2.5sPPSU (m=97.5 mol%, n=2.5 
mol%) and HPEI 
However, to our best knowledge, no research has ever investigated the 
fundamentals of phase inversion processes for acid/base polymer complexes 
and the effects of their intermolecular ionic interactions on membrane formation 
for ultrafiltration. Therefore, the purposes of this work are to conduct the basic 
research to (1) understand the ionic interactions between acid/base polymer 
complexes and (2) reveal their effects on solution properties, phase inversion 
mechanisms and membrane morphology during membrane formation for 
ultrafiltration. The sPPSU polymer (sulfonation degree: 2.5 mol %) and a water 
soluble HPEI polymer with a molecular weight of about 25,000 Da were chosen 
as the acid and base polymers, respectively. As illustrated in Figure 5.1, the 
sulfonic acid groups of 2.5sPPSU polymer would interact with the amine groups 
of HPEI by electrostatic interaction and form an inner polysalt. In addition to 
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the aforementioned two objectives, we also aim to identify the optimal HPEI 
content to maximize the UF membrane performance in terms of swelling 
resistance, water flux and mechanical strength, etc. This study may provide 
useful insights and open up a new direction for the fabrication of next-
generation UF membrane with better physicochemical properties using 
sulfonated polymers.  
 
6.2 Results and discussion 
6.2.1 Properties of HPEI/2.5sPPSU dope solutions 
Figure 6.2(A) shows the viscosity of dope solutions as a function of shear rate. 
Several interesting characteristics can be observed. The dope viscosity 
fluctuates significantly with PEI content and all dopes exhibit shear-thinning 
behavior where viscosity decreases with an increase in shear rate. However, the 
degree of shear-thinning behavior depends on dope composition. The dope 
viscosity jumps remarkably when the HPEI concentration increases from 0 to 
0.3 ~ 0.5wt. % because the acid 2.5sPPSU polymer chains ionically crosslink 
with the basic HPEI molecules. The electrostatic interaction and hydrogen 
bonding between the two polymers restricts the intermolecular movement and 
thus results in a higher viscosity. Also, a Newtonian plateau appears at low shear 
rates for each dope solution when the HPEI concentration varies from 0 to 0.1 
~ 1.0 wt. % [12]. However, the Newtonian plateau apparently disappears at high 
shear rates because the high shear forces induce structural changes and 
intermolecular disaggregation of the ionically crosslinked dope solutions [13]. 




Figure 6.2 Shear viscosities of HPEI/2.5sPPSU dope solutions as a function of 
(A) shear rate and (B) HPEI concentration (γ=1 s-1) 
Figure 6.2(B) depicts the dependency of viscosity on HPEI concentration at the 
shear rate of 1 s-1. As discussed above, the viscosity firstly experiences a sudden 
increment when the HPEI concentration changes from 0.1 to 0.3 wt. % because 
of ionic crosslink. Based on the chemical structures of 2.5sPPSU and HPEI as 
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well as their molecular weights, theoretically the amount of sulfonic acid groups 
becomes equal to the amount of amine groups at 0.22 wt. % HPEI. However, in 
reality, the amine groups are closely distributed along HPEI polymer chains, 
while the sulfonic acid groups are loosely distributed and interspersed by non-
sulfonated blocks. Closely neighboring amine groups may only react with the 
sulfonic acid groups partially. Therefore, due to the existence of steric hindrance, 
the saturation of sulfonic acid groups by amine groups cannot take place exactly 
at 0.22 wt. % HPEI, but instead at higher HPEI concentrations. Thus, the 
viscosity peak occurs at HPEI concentrations of 0.3-0.5 wt.%. 
 
Figure 6.3 Evolution of intermolecular interaction in the dopes (top) and the change 
of membrane morphology (bottom) as a function of HPEI concentration (blue chains: 
2.5sPPSU, orange chains: HPEI, dots: function groups) 
A further increase in HPEI amount could not only saturate the sulfonic acid sites 
along the 2.5sPPSU long chains with HPEI molecules, but also the extra HPEI 
behaves as a lubricant to lower the overall viscosity. As a result, the viscosity 
value at 1.5 wt. % of HPEI is lower, as indicated in Figure 6.2(B). As illustrated 
in Figure 6.3, the long-range ionic interaction among polysalt between 
functional sulfonic acid and amine groups becomes complicated due to the extra 
HPEI, polymer aggregation may occur. Moreover, the dope viscosity becomes 
159 
 
higher with a further increase in HPEI content because of a higher degree of 
polymer aggregation between the long 2.5sPPSU chains and individual HPEI 
molecules. 
 
Table 3.1 tabulates the coagulation values of these dope solutions. A smaller 
coagulation value represents a lower coagulant tolerance of the casting solution, 
usually indicating a faster coagulation rate during the phase inversion [14]. All 
dopes have coagulation values within the range of 5.7~6.4 g per 100g dope 
solution. However, slightly lower values are found for the 0.1 ~ 2 
HPEI/2.5sPPSU dope systems. The difference in dope solution properties is 
believed to affect the membrane formation process and morphology, which will 
be discussed in the next section.  
 
6.2.2 Membrane morphology and phase inversion process 
The evolution of membrane cross section morphology as a function of HPEI 
concentration is drawn and observed by FESEM in Figures 6.3 & 6.4, 
respectively. The as-cast flat sheet membranes have similar dense top surfaces 
with inconspicuous small pores, while their bottom surfaces are relatively rough 
with irregular large pores. Table 6.1 lists the surface roughness based on AFM 
observations. Interestingly, the roughness of the bottom surface varies 




Figure 6.4 Morphologies of HPEI/2.5sPPSU membranes 
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Table 6.1 Surface roughness of HPEI/2.5sPPSU membranes 
 
smoother with smaller Rq and Ra values for membranes made from dopes 
containing 0.3 ~ 2 wt. % HPEI, probably due to good affinity between the dope 
solution and the glass substrate during the phase separation. In terms of cross 
section morphology, the as-cast membrane exhibits a cross-section of fully 
sponge-like structure at first, then shifts to an entirely long finger-like 
macrovoid morphology, but finally returns to a macrovoid-free structure as the 
HPEI concentration increases from 0 to 4 wt. %. The critical HPEI 
concentrations for these morphological transformations occur at 0.3 and 3 wt. % 
HPEI. When comparing with Figure 6.2(B), the first critical concentration of 
0.3 wt. % HPEI corresponds well with the high viscosity induced by ionic 
crosslinking, while the second critical concentration of 3 wt. % HPEI indicates 
the beginning of greater chain entanglement. It has been reported that a fully 
sponge-like structure can be formed directly from 2.5sPPSU polymer solutions 
without the HPEI addition because of slow precipitation rates of hydrophilic 
sulfonated polymers [1, 15]. Whereas, the formation of macrovoids usually 
results from instantaneous demixing and fast non-solvent intrusion during phase 
inversion [16-22]. Since all membranes are cast from the same knife thickness 
[23], the variation of macrovoid formation is entirely determined by the water-
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induced phase inversion process. Possible influencing factors may be the dope 
viscosity, the water intrusion rate, the tendency of solvent and non-solvent 
mixing, the polymer precipitation rate, etc. Therefore, investigations on phase 
inversion kinetics via light transmittance and direct observation of the phase 
separation process were conducted. 
 
Figure 6.5 (A) and (B) show the evolution of light transmittance and its 
normalization as a function of time for various HPEI/2.5sPPSU dope solutions 
precipitated in water, respectively. The light transmittance change (T1) and its 











                                           (6.2) 
Where Tmax and Tmin are the light transmittance values at the beginning and the 




Figure 6.5 (A) Light transmittance change and (B) the normalized 
transmittance change of films cast from HPEI/2.5sPPSU dope solutions 
As can be seen in Figure 6.5, polymer solutions containing 0, 3 and 4 wt. % of 
HPEI exhibit slower phase inversion rates than the rest, while those containing 
0.3 ~ 2 HPEI/2.5sPPSU display relatively fast phase inversion rates. As a result, 
membranes cast from the former may undergo delayed demixing during phase 
inversion, while those cast from the latter may adopt instantaneous demixing 
which involves in rapid phase inversion and non-solvent intrusion [16-22].  
 
Figure 6.6 shows the real-time microscopic observation of membrane formation 
for some of the aforementioned systems. The sequence of water diffusion, 
intrusion, formation of sponge-like structure or finger-like macrovoids in 
HPEI/2.5sPPSU systems can be detected. At 0 s, the dope solution is contacted 
with water, which initiates the phase inversion. Upon contact, the polymer-rich 
phase becomes visually denser, due to solvent exchange and polymer 
precipitation [19, 25, 26]. As time goes on, the precipitation front moves 
leftward toward the bulk. The precipitation fronts of 0.3, 1 and 
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2HPEI/2.5sPPSU dope systems exhibit relatively faster movements than the rest, 
indicating higher rates of polymer precipitation. Different precipitation rates 
result in different membrane morphologies. A fast precipitation rate tends to 
induce membranes with large finger-like macrovoids (i.e., 
0.3~2HPEI/2.5sPPSU systems) while a slow precipitation rate leads to 
membranes with a sponge-like structure (i.e., 0, 3, 4HPEI/2.5sPPSU systems) 
[16-22]. In addition, 0.3, 1 and 2HPEI/2.5sPPSU dope systems display very 
obvious diffusion and convective flow fronts well ahead of the precipitation 
fronts. 
 
The formation of convective flows may be associated with the balance of 
physicochemical properties among the dope, solvent (NMP) and non-solvents 
(PEG400 and water). For polymer solutions containing no or a very small 
amount of HPEI, the hydrophilic 2.5sPPSU polymer and PEG400 dominate the 
physicochemical properties of the dopes. Because they have good compatibility 
and affinity with NMP and water, the phase inversion and the convective flow 
are slow, leading to a sponge-like morphology. The addition of a certain amount 
of HPEI (i.e., 0.3 ~ 2 wt. %) not only induces ionic crosslinking but also 
increases dope’s osmotic pressure [27], thus facilitates diffusion and convective 
flows that results in finger-like macrovoids [28]. However, once the HPEI 
concentration is further risen to 3 or 4 wt. %, the high viscosity of these solutions 
results in higher resistance for convective flows. Since these solutions have 
good compatibility and affinity with NMP and water, they have slow 
precipitation rates that result in a sponge-like structure again, as illustrated in 
Figures 6.3 and 6.4. 
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6.2.3 Properties of the HPEI/2.5sPPSU UF membranes 
6.2.3.1 Characterizations of membrane surfaces  
Figure 6.7 shows the XPS results on membrane surface chemistry. The presence 
of the peaks for primary, secondary and tertiary, quaternary amine groups on 
the HPEI/2.5sPPSU membrane surface indicates the existence of both free 
amine groups and electrostatic interaction between HPEI and 2.5sPPSU 
polymers [29]. An increase in HPEI amount results in more reaction between  
 




the amine groups and sulfonic acid groups as well as unreacted ones in the dope 
solutions. As a result, the resultant membranes have substantial increments in 
peak intensity and areas for both quaternary and primary amine, respectively.  
 
Table 6.2 tabulates their atomic concentrations on both membrane surfaces. 
Without adding HPEI, the 0HPEI/2.5sPPSU membrane exhibits no nitrogen 
content on both top and bottom surfaces. As the HPEI concentration increases, 
an obvious increment in N 1s content is observed. Interestingly, both N and S 
content on the bottom surface are relatively higher than their values on the top 
surface, indicating the possible enrichment of sulfonated blocks and HPEI on 
the bottom surface of membranes due to strong interaction between the charged 
groups and the hydrophilic glass surface.  
Table 6.2 Quantification report of atomic concentration of HPEI/2.5sPPSU 
membrane surfaces 
 
The hydrophilicity of membrane surface characterized by water contact angle is 
displayed in Figure 6.8. The bottom surface has a declining water contact angle 
with an increase in HPEI content in casting solutions, while the contact angles 
of top surfaces remain around 60°. This discrepancy may result from the higher 
hydrophilicity of HPEI than 2.5sPPSU, thus HPEI molecules migrate to the 
glass surface during the phase inversion process to lower the overall energy. 
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Nevertheless, the hydrophilicity of as-cast membranes is enhanced with an 
increase in HPEI content.  
 
Figure 6.8 Surface water contact angles of HPEI/2.5sPPSU membranes 
Table 6.3 summarizes the charge properties of their top surfaces in terms of zeta 
potential. The membrane cast from 2.5sPPSU polymer originally carries a 
negative charge due to the sulfonic acid groups, while the addition of HPEI 
gradually increases the zeta potential values. Once the HPEI content is higher 
than 1% wt., the positively charged amine groups of HPEI render the membrane 
surface with an overall positive charge. This kind of surface charge modification 
may benefit UF membranes with different anti-fouling properties [30] or 
broader applications, e.g., the separation of charged biomolecules [31] and 
emerging nanoparticle contaminants [32]. 
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Table 6.3 Summary of zeta potential, porosity, pore size distributions of 
HPEI/2.5sPPSU membranes 
 
6.2.3.2 Membrane swelling properties 
Figure 6.9 presents the membrane thicknesses in dry and wet states as well as 
their swelling ratios. Wet membranes possess a similar thickness of 60 ~ 70 µm 
regardless of HPEI content. After the freeze dry, the membranes exhibit 
different degrees of shrinkage, especially in the cases of 0, 3 and 4 
HPEI/2.5sPPSU membranes. Membranes containing 0 and 4 wt. % HPEI have 
the highest swelling ratios of more than 100%, while 0.1 ~ 2HPEI/2.5sPPSU 
membranes only exhibit low swelling ratios of less than 20%.  
 
Figure 6.9 Water-induced swelling properties of HPEI/2.5sPPSU membranes 
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Physically, the swelling ratio reflects the water uptake ability of a membrane. 
The amount of water uptake is mainly dependent on the physicochemical 
affinity between the membrane materials and water, the available free space 
among polymer chains as well as the elastic resistance of the membrane to the 
swelling stress of deformation [33, 34]. Hence, without HPEI, the pure 
2.5sPPSU membrane shows a high swelling ratio because of its high 
hydrophilicity and chain mobility. However, the addition of a proper HPEI 
amount significantly reduce the swelling ration due to the ionic crosslinking and 
chain entanglement between the acid and base polymer chains. On the contrary, 
a further increase in HPEI concentration to 3 or 4 wt. % results in membranes 
with many unreacted HPEI, free space and polymer aggregation that facilitate 
water adsorption and chain mobility. As a consequence, they also have high 
swelling ratios. Since membrane swelling is undesirable because it may cause 
unexpected losses in long term operations, a proper utilization of the 
electrostatic interaction between HPEI and 2.5sPPSU may offer UF membranes 
with enhanced mechanical strength and performance stability.  
 
6.2.3.3 Ultrafiltration performance 
The pure water permeability (PWP) and molecular weight cut-off (MWCO) of 
as-cast UF membranes are summarized in Figure 6.10. The pure 2.5sPPSU UF 
membrane exhibits a relatively low PWP of 245 LMH/bar with a MWCO of 
124.0 KDa. By adding HPEI, the PWP value gradually increases to 724 
LMH/bar at 0.3 wt. % of HPEI, while MWCO decreases to 86.4 KDa. The 
enhanced performance is resulting from instantaneous demixing during phase 




Figure 6.10 Pure water permeability and molecular weight cut-offs of 
HPEI/2.5sPPSU membranes 
macrovoids underneath the top skin. As a consequence, the 0.3 HPEI/2.5sPPSU 
membrane possesses three important characteristics; namely, (1) very small 
swelling ratio (Figure 6.9), (2) low contact angle (i.e., high hydrophilicity 
(Figure 6.8)) and (3) minimal resistance for water transport. All these 
characteristics favor a higher water permeability during the filtration process.  
 
However, as the HPEI concentration is further increased to 3 or 4 wt. %, the 
PWP value declines to ~225 LMH/bar, while MWCO is enlarged to as high as 
278.4 KDa. The deteriorated performance is due to the fact that the phase 
inversion mechanism of 3 and 4HPEI/2.5sPPSU systems follows delayed 
demixing that results in membranes with large pores and high MWCOs, as 
illustrated in Figure 6.4 and Table 6.3. In addition, membranes cast from these 
compositions have high water-induced swelling ratios (Figure 6.9) that not only 
increase water transport resistance but also reduce PWP. In summary, the 
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addition of a proper HPEI amount is essential to molecularly design 
HPEI/2.5sPPSU membranes with enhanced UF performance.  
 
6.2.3.4 Mechanical properties  
Figure 6.11 exhibits the tensile properties of the resultant membranes as a 
function of HPEI content. The 0HPEI/2.5sPPSU membrane possesses a 
Young’s modulus of 30.5 MPa with a tensile strength of 1.9 MPa. An increase 
in HPEI concentration results in an increase in Young’s modulus with 
improvements up to 68% when the HPEI content is 0.5 wt%. Clearly, the ionic 
crosslinking reaction between 2.5sPPSU and HPEI enhances membrane 
stiffness to stand a higher deformation force. Meanwhile, the elongation at break 
firstly reduces by more than 50% because of the confined mobility of 
crosslinked polymer chains, then increases again at high HPEI concentrations.  
 
Figure 6.11 Mechanical properties of HPEI/2.5sPPSU membranes 
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The tensile strength stays almost the same when the HPEI content varies from 
0 to 0.5 wt%, then drops slightly because extra HPEI may perform as a lubricant 
and facilitate polymer segregation, as discussed previously. Therefore, the 
addition of 0.3-0.5 wt.% HPEI into 2.5sPPSU systems is optimal to enhance the 
mechanical strength of as-cast HPEI/2.5sPPSU membranes. 
 
6.3 Conclusion  
In this chapter, a positively-charged HPEI polymer was purposely blended with 
a negatively-charged 2.5sPPSU polymer in order to fabricate flat sheet UF 
membranes with enhanced separation and mechanical properties. Experiments 
were conducted to investigate the fundamentals of polymeric solutions and the 
evolution of membrane morphologies and physicochemical properties. The 
following conclusions can be drawn: 
(1) Along the HPEI content increase in blend solutions, the intermolecular 
interaction between 2.5sPPSU and HPEI experiences a transition from ionic 
crosslinking, chain entanglement to polymer aggregation. As a result, the 
HPEI/2.5sPPSU solutions exhibit great differences in shear viscosity, 
coagulation value and phase inversion mechanism.  
(2) The as-cast membranes demonstrate interesting morphological changes, 
from an initially fully sponge-like structure to a finger-like macrovoid 
morphology, then finally back to a macrovoid-free structure again. This 
morphological transformation results from the combined effects of various 
factors such as convective moving front and precipitation rate during phase 
inversion, molecular interaction between HPEI and 2.5sPPSU, 
hydrophilicity and osmotic pressure. 
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(3) The addition of 0.3-0.5 wt. % HPEI into the 2.5sPPSU dope systems could 
significantly improve (i) membrane resistance to water-induced swelling, (ii) 
mechanical stability and (iii) UF performance with enhanced water 
permeability and reduced MWCO. The as-cast HPEI/2.5sPPSU membrane 
containing 0.3 wt. % HPEI exhibits the maximal water flux of 724 LMH/bar 
with a MWCO of 86.4 KDa. 
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Chapter 7 Conclusions and future work 
7.1 Conclusions 
The design and fabrication of membranes with both good separation 
performance and stability are significant for the water treatment processes. 
Directly copolymerized sPPSU polymers of different sulfonation degrees have 
been successfully designed and fabricated into various polymeric membranes 
for water treatment applications via UF and FO processes. Based on the 
uniqueness of sulfonated materials: double-skinned TFC sPPSU FO membrane 
with better boron separation performance, tri-bore sPPSU UF membranes with 
improved mechanical property and reduced fouling and HPEI/2.5sPPSU UF 
membrane with enhanced water permeability and mechanical stability have 
been developed and investigated in this research. Major findings are 
summarized as following: 
1) double-skinned FO membranes with better boron rejection: DS FO 
membranes have been successfully developed by fabricating two TFC layers on 
the 1.5sPPSU substrate. Under the same water flux, the boron rejection always 
follows a sequence of DS>FO>PRO. The highest boron rejection 
experimentally in DS mode is about 84%. A transport model describing boron 
passage was also derived and agrees well with experimental data. Predicted by 
the model, DS FO membranes could be improved with decreased boron 
permeability and structural parameter to minimize boron flux: B1 and B2 are 
important parameters in improving the boron rejection in DS FO membrane, 
while S parameter becomes more important under higher water flux. 
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2) strong TBF UF membrane for oil/water treatment: mechanically strong TBF 
UF membranes have been developed using sPPSU polymers with different 
sulfonation degrees. The employment of a strong bore fluid, close-to-gelation 
dope formula and higher take-up speed favors the formation of triangle shape 
fibers with balanced properties towards water permeation and mechanical 
strength. As-fabricated sulfonated TBFs have higher porosity, wettability, 
threshold fluxes, permeate fluxes and lower flux decline, fouling tendency than 
non-sulfonated TBFs when filtrating oil/water emulsion. Analyzed by the 
resistance-in-series model, different membrane resistance compositions are 
found in sPPSU TBFs. Thanks to the polymer sulfonation, the sPPSU 
membranes exhibit reduced surface adsorption and irreversible fouling. 
However, sPPSU with higher sulfonation degree also demonstrates large 
MWCO, low water permeability and poor mechanical strength. 
 
3) 2.5sPPSU UF membrane with improved water permeability and strength: 
positively-charged HPEI has been blended with negatively-charged 2.5sPPSU 
polymer to induce intermolecular interaction and affect membrane properties. 
Along the HPEI content increase in blend solutions, the intermolecular 
interaction between 2.5sPPSU and HPEI experiences a transition from ionic 
crosslinking, chain entanglement to polymer aggregation. As a result, the as-
cast membranes demonstrate interesting morphological changes, from an 
initially fully sponge-like structure to a finger-like macrovoid morphology, then 
finally back to a macrovoid-free structure again. This morphological 
transformation results from the combined effects of various factors such as 
convective moving front and precipitation rate during phase inversion, 
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molecular interaction between HPEI and 2.5sPPSU, hydrophilicity and osmotic 
pressure. Overall, the addition of 0.3-0.5 wt. % HPEI into the 2.5sPPSU dope 
systems could significantly improve (i) membrane resistance to water-induced 
swelling, (ii) mechanical stability and (iii) UF performance with enhanced water 
permeability and reduced MWCO. The as-cast HPEI/2.5sPPSU membrane 
containing 0.3 wt. % HPEI exhibits the maximal water flux of 724 LMH/bar 
with a MWCO of 86.4 KDa. 
 
7.2 Recommendation and future work 
Based on the experimental results, mathematical analysis, discussions as well 
as the conclusions obtained from current research, the following 
recommendations are proposed. They may provide useful insight for future 
studies in terms of developing water treatment membranes based on novel 
sulfonated materials. 
 
Firstly, the successful application of double-skinned FO membrane into trace 
boron removal from water has been demonstrated. This concept may be possibly 
applied into the removal of other different contaminants from water, such as 
heavy metal ions, surfactants, pharmaceuticals, etc. Before the broader 
applications of double-skinned FO membranes, more researches should be 
conducted to understand the match of two selective layers. The previously-built 
analytical model of double-skinned FO membranes by Tang et al. has the main 
propose of optimizing the membrane for higher water flux and lower salt 
leakage. The as-reported best double-skinned FO membrane shall have an 
optimal draw skin with a compromise between its water permeability and solute 
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rejection, and a relatively looser feed skin to prevent the penetration of foulants 
and minimize the hydraulic resistance. Based on the conclusion, for the best FO 
performance, the double-skinned membranes have different requirements on the 
two selective layers, one of which needs to be dense, selective and permeable 
while the other one may only needs to like a NF-type. However, differently, for 
the best boron rejection, both selective layers will contribute to the overall 
rejection, selective layers with higher selectivity could theoretically produce 
higher boron rejection. But selectivity and permeability have a trade-off 
relationship. Thus, it will be very interesting and meaningful to investigate the 
critical A, B, S values of two skins in order to obtain the optimal FO performance 
and boron rejection. This could be a future work that requires further efforts to 
explore. 
 
Secondly, the multi-bore membrane configuration is demonstrated to be useful 
to improve the membrane mechanical stability in terms of the same material. A 
further exploration of broader applications of MBFs is recommended, proposed 
applications include forward osmosis, nanofiltration, pressure-retarded osmosis, 
membrane distillation, etc. 
 
Thirdly, the concept of phase inversing acid/base polymer complexes 
(sPPSU/HPEI) to fabricate high performance UF membranes provides insights 
into new strategies of performance improvement, morphology optimization, etc. 
Based on the experimental observations, the ionic interaction between sPPSU 
and HPEI polymers may also change under the influence of temperature, mixing 
time, casting temperature, HPEI molecular weight, linearity of PEI molecules, 
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etc. Thus, further investigations on the influence of these parameters on 
membrane formation may be meaningful to fully understand the phase inversion 
process and optimize the membrane performance. On the other hand, based on 
the research results, the same dope composition and adjustment strategies may 
be utilized into hollow fiber membrane fabrication, in which the spinning 
parameter may influence the phase inversion from different aspects. Also, the 
HPEI may be changed to other aminated polymers which are not water soluble, 
resulting from which the membrane could be much stronger and suitable for 
other applications, such as organic solvent filtration, nanofiltration, etc. The 
controllable charge properties of the membranes could also be a potential 
advantage for new applications to separate charged particles or molecules. 
 
Last but not least, the design and fabrication of membranes based on the unique 
characteristics of sulfonated materials should always be a future research topic, 
since more and more novel sulfonated materials and advanced membrane 
technology are developed. The main propose should be focused on improving 
the separation properties of fabricated membranes, optimizing the fabrication 
methods, increasing the membrane stabilities as well as bringing the uniqueness 
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